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Traction Control of Electric Vehicle based on the Estimation of
oad Surface Condition

- Basic Experimental Results using the Test EV "UOT Electric March' -

Yoichi Hori, Yasushi Toyoda and Yoshimasa Tsuruoka
Department of Electrical Engineering, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo, 113 Japan
Phone: +81-3-3812-2111 ext 7680, Fax: +81-3-5800-3865
E-mail: hori@kaya.t.u-tokyo.ac.jp, Homepage: http://www.kaya.t.u-tokyo.ac.jp/

Abstract- The most distinct advantage of electric
vehicle is in its quick and precise torque generation. We
propose two novel traction control techniques of electric
vehicle, i.e., the model following control and the optimal
slip ratio control. Their effectiveness is demonstrated by
using the test vehicle "UOT Electric March".

1. INTRODUCTION

Recently a lot of electric vehicles (EV) have been
developed to solve environment and energy problems caused
by the use of internal combustion engine vehicles (ICV).
Some of them already have enough performance in practical
use. However, they have not yet utilized the most
remarkable advantage of EV. Electric motor torque can be
controlled much more quickly and precisely than that of
internal combustion engine. Adhesion characteristics
between tire and road surface are greatly affected by the
control of traction motor. This means that the vehicle
stability and safety can be improved by motor torque
control. If we can use special low drag tires with smaller
energy loss, the range of one battery charge will be
drastically expanded.

In this paper, we will propose the novel traction control
techniques, which can be firstly realized only by utilizing
electric motor's quick torque response. They are the model
following control and the optimal slip ratio control. By
using a newly developed test vehicle "UOT Electric
March", we will show some successful experimental
results. In order to achieve the best control performance,
the estimation method of road surface condition is proposed
and its realizability is shown also by real experiments

I1. STATE-OF-THE-ART OF TRACTION CONTROL

Traction control is the control to suppress tire slip
when the vehicle is running, for example, on icy road by
controlling the traction force and to improve the driving and
cornering performances mainly in acceleration.

We should consider two forces acting on the vehicle
body, i.e., the driving (longitudinal) and side (lateral) forces.
As depicted in Fig.1, these forces depend on the slip ratio

0-7803-3823-5/97/$10.00© 1997 IEEE

A. 4 is defined by eq.(1), where V_, and V are the wheel
and vehicle speeds.

A=(Vw-V)/v, (1)

The side force takes its maximum value when A=0 and
becomes smaller for bigger A. If A increases by sudden
decrease of road friction, the side force gets smaller
drastically. This causes serious problems: drift-out in front
wheel driven cars, spin in rear wheel driven cars, and drift-
out with rotation in four wheel driven cars. Such a loss of
cornering force is extremely dangerous. The average
traction force is also decreased.

Traction control can be classified into following two
steps:

(1) longitudinal contrel, for example, the adhesion
improvement to prevent slip. This is done by controlling
the traction force, and

(2) lateral control, for example, the yaw control to
keep the yaw motion to be zero. This is done mainly by
controlling the steering angle.

For the lateral control, the steering angle of the front
wheels is the absolutely dominant control input. Such a
technique is already well developed for ICV and the results
can be applied to EV. For this reason, in this paper, we
focus our discussion into (1) longitudinal control.

driving force
~
= ~
.8 ~
2 . traction control
%g \ area
o / \
= , \
£ / N side force
p= N
“ / -
/ ~
slip ratio (A)

Fig.l. Characteristics of driving and lateral forces
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To realize the effective traction control system, we need
a sophisticated mechanism quickly to reduce the excessive
driving torque. In ICV, this is realized mainly by the
following three techniques.

(1) engine control: Engine torque itself is
suppressed. To reduce air supply is the basic technique, but
for quicker response, advanced techniques like fuel-cut and
spark timing shift are used together.

(2) brake control: Wheel rotation itself can be
stopped by braking. This method has quicker response than
the engine control. Independent control of left and right
tires is effective for p-split braking: Brake control should
be used together with the engine control because brake parts
often have thermal problem.

(3) mission control: Driving torque of the slipping
tire is transferred to the non-slipping tire. This technique is
effective for p-split road. As the total torque can not be
reduced, mission control technique should be applied
together with the engine control.

TaBLE I summarizes the advantages and disadvantages of

these techniques.

TaBLE I
CoMmpraRISON OF TRACTION CONTROLS FOR ICV

control- operation
lability response | cost feeling total
engine
control O A @ AN O
brake O @ @ e A
control
mission
control A X © A X
engine +
mission O A O AN JAN
controls
engine +
brake © © |O] O 10
controls

III. ADvANTAGE OF ELECTRIC VEHICLE

Electric Vehicle has great advantages as followings for
realization of high performance traction control.

(1) low cost: Above mentioned techniques for ICV
need additional costly hardware, e.g., throttle and brake
actuators. EV does not need anything more. Traction
control can be realized only by software. Low cost "basic
car" can have high performance traction control.

(2) quick response: In ICV, more than 200[ms] are
needed to open the throttle actuator. The actual response
time is much longer because the mechanical delay is
included. In contrast, the response time of electric motor
torque is less than 10[ms].

(3) easy controller design: In ICV, unknown strong
non-linearity lies in the transfer characteristics from the
control input (for example, air valve angle to engine, oil
pressure of brake system, etc.) to the generated torque.
This makes it difficult to construct a mathematical model
for controller design. In EV, by applying simple current
control, the generated torque is exactly proportional to the
torque command.

IV. MopeL ForrLowmng CONTROL

In this paper, we propose two control strategies: one is
the model following control (MFC), and another is
the optimal slip ratio control. MFC is the starting
point of our research project of "Control of Electric
Vehicle" and its basic feasibility is demonstrated here by
real experiment.

A. Principle of MFC

Fig.2 shows the block diagram of the model following
control. [/ is the current command proportional to the
acceleration pedal angle. @ is the rotational speed of the
driving shaft. @ increases drastically when the tire slips.
Vehicle dynamics including tire characteristics and road
surface friction are very complicated, but if we introduce the
slip ratio A, the vehicle body can be seen as one inertia
system having the equivalent inertia moment of

J=Jw+ Mr31-A) ?))

Here, JW , M and r are the shaft inertia moment, vehicle
weight and tire radius. Eq.(2) means that, when slip
occurs, the vehicle seems lighter.  Therefore, we use the

following inertia moment with A=0 in the reference model.

Jmodel=Jw+Mr2 (3)

I real vehicle body

torque
coefficient

current controlled
electric motor

Jmodel S

model of
vehicle body

q (N
K
s+l
MEC gai
gain high-pass filter

Fig.2. Block diagram of MFC

When there is no slip, actual J is almost equal to J,, ;-
Any signal is not generated from MFC controller. If the
tire slips, the actual wheel speed @ increases immediately.
The model wheel speed does not increase. By feeding back

the speed difference to the motor current command, the



actual motor torque is reduced quickly and it induces re-
adhesion.

This control function is needed only in relatively higher
frequency region, we used a high pass filter on the feedback
pass. In actual implementation, two high pass filters are
inserted before taking the difference between actual and
model speeds to avoid the offset problem of integrator.

B. Experimental Result of MFC

Fig.3 shows the slip experiment using UOT Electric
March. We used iron plates as slippery road surface. Water
is scattered to reduce the friction coefficient. The vehicle is
accelerated by the constant current command of 300[A].
The feedback gain K in Fig.2 is 30. The front wheels are
on the slippery area between t=1.25[s] and 1.7[s].

300[A]
constant

O VI-O

(1) current control only
(2) MFC 0.55[m] ~tjett—- 0.80[m i

L

iron plate with water

Fig.3. Slip experiment

Experimental results are given in Fig.4. We can see
that MFC can reduce the motor current effectively when the
vehicle goes onto the slippery area, and then the slip ratio
is kept much lower comparing to the current control only.
Some vibration seen in the current waveform in Fig.4(a)
should be suppressed in the future.

V. OpTIMAL SLIP RATIO CONTROL

The model following control is a very rough approach
although it has been shown that the motor control is really
effective for adhesion improvement. If we want more
exactly to regulate the slip ratio within the desired range,
more precise approach is needed. Fig.5 shows the idea of
the optimal slip ratio control developed from this
viewpoint. When the optimal slip ratio is decided by the
road condition estimator, the slip ratio controller receives
the command and realizes it.

actual wheel
torque speed
command g
i motor o
& vehicle -V
L ver vehicle
C%I‘IVCI'S Y torque ) speed
orque comman . ;
command slip ratio
1. controller |eg—
slip
target 1
slip ratio opt
road condition
estimator

Fig.5. Block diagram of the optimal slip ratio controller
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Fig.4. Experimental results of MFC



A. Vehicle Model

We assume that the two motor torques and friction
forces are same in left and right, and that the rolling and air
frictions are small enough. In Fig.6, the kinematic
equations of the wheel and vehicle take the forms of

(Fm - Fd) 1 = Vw (4)
Mys

Fu-l =vy &)
where,

F,,: motor torque (force equivalent)
F, : friction force

M, : wheel inertia (mass equivalent)
M : vehicle weight

The friction force between the road and wheel is given

by
Fq=N u(A) ()

where N is the vertical force given by N = Mg.

—_—>V

F F,

Fig.6. Vehicle model.

From eq.(1), the following perturbation system is
derived.

AA = oA AV + oA

1A% oV

=- L av+ Yoy, )
VwO VW()

AV,

where V,  and V, are the wheel and vehicle speeds at the
operational point. The friction force is represented using a,
the gradient of u—A curve, as

Ay =a AX (8)

By combining eqs.(7) and (8) with the perturbed forms
of egs. (4) and (5), the transfer function from the motor
torque to the slip ratio is finally given by

AL _ 1 M{d-A |

)
AF,  Na My + M (1-3) 1+7s

where the time constant 7 is given by eq.(10) which is
proportional to the wheel speed V.

o 1 MMV
Na My + M (1-1)

(10)

The typical value of T in our experimental vehicle is
150~200[ms] when a=1 and the vehicle speed is around
10{km/h]. Note that a can be negative in the right-hand
side of the peak point of —A curve.

B. Design of Slip Ratio Controller

We used a simple P&I controller with a variable gain as
the slip ratio controller given by eq.(11). Its nominator
compensates for the pole of eq.(9). The integral gain is
constant and the proportional gain is proportional to the
vehicle speed.

Kk 1l+1s
N

an

Finally, the transfer function from the slip ratio
command to the actual slip ratio becomes

AL _ 1
Al* 1 + Na MW + M(I_A’) _1__
M@1-») K

(12)
N

If A<<1, this is a simple first order delay characteristics
with a time constant which can be adjusted by K. Here, we
put this response time 50~ 100[ms].

dynamics of
wheel and vehicle

glets Lyl 1 MUA
- s Na M, + M (1-A) 1+ s

slip ratio

ALF controller AF,,

+ AR

Fig.7. Slip ratio controller

Fig.8 shows the nominal slip ratio used in the slip
ratio controller. We defined it by a=1. The point of a=1 is
located just in left side of the peak and is stable. Both of
the longitudinal and lateral forces are kept still high.

1.0 —

gradient a

friction coefficient i
=
(9,

'
'
'
|
l
.

=)

0 02 04 06 08 10
slip ratio 4

Fig.8. Nominal slip ratio is given by a=1.



C. Robustness to Parameter Variation

Because the actual system parameters change widely, we
should investigate the robustness of the slip ratio
controller. Fig.9 draws the root locus to the continuous
change of K and a

From the figure, we can see that the roots move to the
left half plane when the controller gain K increases. It is
interesting that this controller stabilizes the system even
when actual g is negative, although the roots move to
unstable region.
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Fig.9. Root locus against parameter variation
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Fig.10 Vehicle model used in the simulation

D. Simulation of Slip Ratio Control

Fig.10 shows the vehicle model we used in the simulation.
T represents the motor torque and r the total gear ratio of
the drive train. F, represents the summation of traction

force transferred to the contact point of tire and road surface.
It is the product of traction coefficient ¢ and N=Mg, the
vertical load on the contact point. g is defined as a
function of A (slip), which is given by the measured curve
shown in Fig.11.

modeled

‘
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traction force [kN]
—_ N W A~ W
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Fig.11. u—Acharacteristics used in the simulation
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Fig.12 Simulation of the slip ratio control

Fig.12 is the simulation result. The response time of
the slip ratio controller is set to be 100[ms]. We can see
good response characteristics.

E. Experimental Results of Slip Ratio Control

Fig.13 shows the experimental results of the slip ratio
control using the laboratory-made experimental electric
vehicle "UOT Electric March”. Here the response time is
50[ms] and the target slip ratio is 0.1 in Fig.13(a) and is
changed stepwise from 0.3 to 0.1 in Fig.13(b).

Basically we can see fairly good performances but there
are some problems. First, the actual value of a was much
smaller than the nominal value: 1. This made the response
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Fig.13. Experimental results of the slip ratio control

time longer than the designed value. Next, in Fig.13(b),
we see an undershoot to the slip ratio command of 0.1.
This is because the motor controller we used is just an 1-
quadrant chopper, who can not absorb the motor current.

V1. EstimaTiON OF RoAD CONDITION

In the previous chapter, we showed effective slip ratio
control. Next problem is how to give the optimal slip
ratio to the slip ratio controller.

We showed the relation between the slip ratio A and the
friction coefficient i in Figs.1 and 11, but it varies very
widely according to road surface condition as shown in
Fig.14. It is clear that the slip ratio where the friction
force takes its maximum value vary according to road
condition. This means that road condition should be
estimated relatively quickly for commanding the optimal
slip ration to the slip ratio control.

friction coefficient ()

01 02 03
slip ratio (4)

04 05 06

Fig.14. Various Road Condition.
(Actual explanation of each curves is omitted.)

To know the road surface condition, we should estimate
the friction coefficient. If we can measure the vehicle speed
directly by using non-driven wheel, the friction coefficient
U can be obtained by eq.(13) based on eqs.(3) and (4).

L4 (13)

p=Mdv
d

z &
(N

When the vehicle speed can not be measured directly, we
can estimate [ based on eq.(14).

(14)

In our case, we can use both of these two methods.
Fig.15 shows the estimation result of g-A curve of dry
asphalt road when no slip control is active. At the point
around A=0.08, the gradient a of u-A curve is about 1.

Fig.16 shows the estimation results on wet iron surface
under the slip ratio control proposed in the previous
chapter. Here, the optimal slip ratio is smaller than 0.05.



It is also noticed that, in our experiment shown in
Fig.13(a), the actual gradient of u-A curve at A=0.1 was
almost -1.  We can see that the slip ratio controller is
effective even when the operation point is unstable, but, in
this case, we should have commanded a lower slip ratio.

1.0 R

friction coefficient u
=)
(9,

0
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Fig.15. Estimation result of y-A curve of dry asphalt road
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Fig.16. Estimation result of u-A curve of wet iron plate
under the slip ratio control

VII. CONCLUSION

We are proposing a new field of "Motion Control of
Electric Vehicle". EV is a very interesting object
combining electrical and mechanical engineering fields from
the view point of motion control. As an example, we
proposed advanced adhesion control utilizing quick and
precise torque response of electric motor.

We proposed the Model Following Control and the
Optimal Slip Ratio Control. We confirmed that MFC can
reduce its torque quickly when the motor speed is suddenly
increased by tire slip. Next, we showed that the optimal
slip ratio control has more advanced performance. Such
kinds of quick conirols are firstly realized only in electric
vehicles. It is clearly shown that relatively precise control
theory can work well in actual experiments.

Advanced adhesion control is helpful for lateral control
like yaw disturbance attenuation. This is because the
proposed optimal clip ratio control keape the tire slip
within the small region where both of the longitudinal and
lateral adhesion coefficients are still high enough.
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APPENDIX
Configuration of UOT Electric March

We developed a real test electric vehicle "UOT Electric
March (Todai Sangatsu Go)" seen in Fig.A-1. It is a so-
called convert car, whose IC engine is replaced by an
electric motor.

The front two wheels are driven by a 19[kW] series-
wound DC motor through a 5 speed manual transmission
and a differential gear. The 1-quadrant DC chopper supplies
power to the motor. Its current limit is 400[A] and can
produce maximum torque over 100[Nm], which is enough
to perform the clip axperiment. Current and speed sensors
are also implemented. To detect the vehicle speed, a speed
sensor is implemented in the rear wheel.



TaBLE A-I
SeeciFicaTioN OF UOT ELEcTRIC MARCH

Conversion Base

Nissan March (Micra)

size 3785X1560X1395[mm]
weight 900[kg](batteries included)
Motor Advanced D.C. Motors, Inc.
type DC series wound
rated power (@120V) 19(kW](1hr.), 32[kW](5min.)
size/weight ¢ 232, length 397[mm], 65[kg}
Controller Curtis Instruments, Inc.
type MOSFET PWM Chopper
operating frequency 15[kHz]
rated voitage/current 120{V]/400{A]
Battery Japan Stgr%g(ef 1lg’gt}g:,lrlyLCo.,Ltd.
type lead acid
voltage/capacity 72[V}/92[Ah](Shr)
weight 27.5[kgl X6
CPU PC980INS/T (386SL, 20MHz)
weight 3.2[kg]
A/D and D/A converters 12bit, 8ch / 12bit, 2ch

Fig.A-2 shows the control system of the vehicle and
TasLe A-I gives its specification.
personal computer to realize the torque control. It not only
executes the control algorithm and puts out the voltage
command to the chopper, but also reads, shows and records
the sensor data. As the control algorithm is written by
software (C-language), we can easily investigate various

NEC PC8801
original
external bus

Current
Sensor

NI

o

3
P

We use a note-type

control strategies.

Fig.A-3 shows the basic experimental results of the
current controller.

H)

current command

actual current

200 400 600 :

Fig.A-3. Basic experiment on the current response

motor current

l output command

< 1

traction power

<
Chopper

Fig.A-2 Configuration of UOT Electric March
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Abstract — We have developed a high performance
drive system which has satisfied high efficiency, small
size and high productively. The traction motor is a
simple structure with a cylindrical magnet using a
silicone glue. And for the field weakening control, the
optimal Xd is realized. To minimize a current, the
torque control method without the voltage margin is
adopted. And the PWM control method which uses the
voltage of a battery effectively is also adopted.

In this paper, details of the optimal design of a
permanent magnet motor and control techniques are
explained, and specifications of the system and
testing results are described.

I . INTRODUCTION

In recent years, as the measures of the
environment problem, the development of the
electric vehicle (EV) is extensively done. For drive
system, there are some requirements, high
efficiency, small size, wide constant power
operation range and low cost.

To improve system efficiency, the permanent
magnet synchronous motor as a traction motor has
been applied. The field weakening control for a wide
constant power control operation with the
permanent magnet motor has been used. It is
known that the air gap flux can be weakened by the
d-axis current (Id) and the operation range of the
field weakening control depends on the armature
reactance (Xd) [1]-[4].

In case of a surface permanent magnet motor
(SPM) with a cylindrical magnet is used as a
traction motor, it is necessary to give considerations
with Id and Xd for the field weakening control.

The SPM has no saliency, and the Id doesn’t
contribute to the output torque. So it is need to
minimize the Id for the improvement of the system
efficiency.

And the cylindrical magnet needs a certain
thickness to secure enough strength and to prevent
demagnetization. The permeability of the magnet is
as same as the air. So the effective air gap is wide
and the Xd is small. Therefore it isn’t easy for the
operation range of the field weakening control to
become wide.

0-7803-3823-5/97/$10.00© 1997 IEEE
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In this paper, we describe the optimal design of
the motor and the control methods for a drive
system.

I . THE FEATURES OF THE DRIVE SYSTEM

We have developed a high performance drive
system with a traction motor and an inverter.

The appearance of the drive system is shown in
Fig.1 and the specifications are shown in table 1.
The efficiency map of the drive system is shown in
Fig.2.

Fig.1. The appearance of the drive system.

TABLE I
SPECIFICATIONS OF DRIVE SYSTEM
MOTOR
Max. Output (kW) 60
Rated Output (kW) 36
Max. Torque(N-m) 180
Rated Torque (N-m) 108
Max. Speed(x/min) 13, 000
Rated Speed{(r/min) 3, 400
Size (mm) ¢ 220X 324
Mass (kg) 40
INVERTER
Device IGBT (600V, 4004)
Switching Frequency (kHz) 10
Input Voltage (V) 288~336
Max. Output Current EMS(A) 240

PCC-Nagaoka '97
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Fig.2. The system efficiency map.

TI. OPTIMAL DESIGN OF THE MOTOR

A cylindrical magnet in the SPM is usually glued
to the rotor surface and further is reinforced with
using a binding system against a centrifugal force.

To withstand a centrifugal force by the strength
of the magnet itself, the magnet with the high
mechanical strength 1s adopted. To fix the magnet
and to buffer against the difference of the thermal
expansion between the magnet and the rotor core, a
silicone glue is adopted. So we have developed the
simple motor structure without a binding system.
The structure of the motor is shown in Fig.3. No use
of the binding system increases the magnetic
density at the air gap, and the size of the motor
becomes small.

" 324

cylindrical magnet

rotor core

Fig.3. The structure of the motor.

The Xd should be designed with depending on the
magnetic flux (¢ ) to use the field weakening
control in the wide operation range. So we consider
the components of Xd not only to meet the Xd but
also to decrease losses and to make the size of motor
small.

The Xd is composed armature reaction reactance
(Xad) and armature leakage reactance (X1). When
the Xad is large, the magnet becomes easy to be
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demagnetized and to be overheated by carrier losses.
So it is desired to make the Xad small and the X1
large for the meeting the Xd. The former is
accomplished with the increasing the number of
poles and the latter is also accomplished with the
extending slot depth.

IV. CONTROL SYSTEM FOR THE MOTOR
The block diagram of the control system is shown
in Fig.4. The features of the control system are the
torque control method and the PWM control method.
These control methods make a current minimum in
all the operation ranges to improve the efficiency of
the drive system.

Torque Control Method PWM Control Method

; The CVC . P Ve
e I Vet Vet Vel [ v

:-K'r Current —— : TIPWM :
v laE Controller ol V* 1 5 3plush
: :  [B.3plusy
' H ipluse
E la* —®| Phase Angle 2‘ E E T :
: Veo »| Calculator ) . |

Inveter

g1
7

fuvw/dq

S

8 :Rotor Position

Sensor

Fig.4. The block diagram of the control system.

A. Torque Control Method

The torque control method calculates the output
voltage command vector (V*) from the torque
command (t *) and consists of the current vector
control (CVC) and the voltage phase control (VPC).
And these controls are used properly in response to
the operation condition.

The phasor diagram of the torque control is
shown in Fig.5. The semicircle line shows the
maximum fundamental voltage of the inverter

(Vmax).

[ Ve* | < Vi LV | 2 Vina
q-axis q-axis
-Xglg
xara ™ V" oo
P hAYA . sV max
/— Vq \‘ max P . N
s Xdlq “ S v
- A @ @y L S q
’r'% : 5 % 5 / .
#Vk IK 1=ly I‘*. :” ! “‘- Ia %
~Vd_ 1d=0 Va1 J-axis

d-axis

(a) Current Vector Control (b) Voltage Phase Control

Fig.5. Phasor diagram of the torque control.

The CVC keeps the d-axis current zero (Id=0) to
become maximum the ratio of a torque to a current
and maintains the g-axis current (Ig) depending on
the torque command. So the voltage command



vector (V¥) is equal to the CVC voltage vector (Vc*)
calculated at the current controller shown in Fig.4.
The amplitude of the Ve* (| Ve*|) and the phase of
the Ve* (8 | *) are calculated.

t'=P-¢,1q (1)
* R _X *
va']_ afra],f o] o
Vg Xd R Igq w o,
(Ve =y vat +vgt? 3)

§,"=Tan" (Vd“/vq*) @)

When PI regulators are used for a current
controller, so as not to be saturated for integrators,
a voltage margin about 10% of the maximum output
voltage is usually needed.

To make this voltage margin unnecessary, P
regulators are used for the current controller. A
steady-state error in the P regulators is decreased
with using the compensators for terms of the EMF
and impedance drops.

The VPC always keeps the amplitude of the
voltage command vector (|V*]) as same as the
Vmax. And as the phase of the voltage command
vector (£ V*), the VPC phase (8 ,*) is calculated at
the phase angle calculator shown in Fig.4 and as
follows.

5 2*_=Sin‘1( vd jZSin_][——*Xq g ] (5)
% %

max max

V=V ,uCos (8,) (6)

The d-axis voltage (Vd) outputs preferential to
maintain the Iq depending on the torque command.

The output torque is controlled with only using
£ V*, by the delay of the measuring of the rotor
angle and the calculating of the V*, the angle errors
reduce the output torque linearity especially at high
speed. Therefore, the £ V* is compensated
depending on the motor speed.

Making-up the voltage difference between the
EMF and the g-axis voltage (Vq) (6), the Id becomes
minimum automatically. So It is not necessary to
calculate the d-axis current command in response to
the operating situation with load and speed, and a
copper loss is decreased.

The judgment of the switching-over of the CVC
and the VPC goes| in comparing the Vmax and the
[ Ve*|. ?

At low speed, the |Vc*| is smaller than the
Vmax, the CVC is used for the torque control.

As the motor speed rises and the |Vc*| is larger
than or equal the Vmax, the torque control method
is switched over from the CVC to the VPC. The
IV*} is limited to the Vmax. And as the £ V¥, the
5 ¢ is used instead of the & 1" as shown in Fig.4.
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As wusing the P regulators in the current
controller, there is no problem of the saturation for
the regulators. So the transition from the VPC to
the CVC is also smooth.

As the battery voltage (Vuc) is changed, the torque
control methods are also switched properly, because
of the Vmax is adjusted in response to the Vyc.

The characteristic of torque when switching-over
from the CVC to the VPC is shown in Fig.6.

There is no change of torque before and after the
transition. It shows that the transition of the torque
control methods is smooth.

Fig.6. The characteristic of torque
when switching-over form the CVC to the VPC.

B. PWM Control Method
The relationship between the [V*| and the
output voltage is shown Fig.7.

. 1 :Vector PWM Switching-mode
i 11 :5,3 Pulse Switching-mode
¢ H:1 Pulse Switching-mode

Output Voitage (%)

(V¥
Fig.7. Relationship between the |V*| and the outpuf voltage.

The features of the PWM control method is using
the vector PWM switching-mode which has no low
order harmonics and the 1 pulse switching-mode
which is the maximum fundamental voltage of the
voltage-fed inverter.



The fundamental voltage of the 1 pulse
switching-mode  (Vm1) and the maximum
fundamental voltage of the vector PWM switching-
mode (Vmy) are given as follows.

m=(V6/7)V i (100%) %)
va=(1/ﬁ)vdc (90.7%) ®)

To interpolate the output voltage value between
the vector PWM switching-mode and the 1 pulse
switching-mode, the 5,3 pulse switching-mode is
also used.

The output voltage using the 1 pulse switching-
mode, can be 10% increased compared with only
using the vector PWM switching-mode. And the Id
and the switching number of time are decreased. So
this PWM control method has an greatly effect in
the increase of the system efficiency with
decreasing the copper loss and the switching loss.

But, the 1 pulse switching-mode has some
problems which are caused by the harmonics. The
high frequency components are inhibited with the
impedance of the motor winding. So the 1 pulse
switching-mode should be used at high speed when
the influence of harmonics is enough decreased .

The current waveform and the values of output
torque with using the vector PWM switching-mode
and 1 pulse switching-mode are shown in Fig.8.
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Fig.8. Oscillographs of current waveform and output torque.

At the low speed (2,500r/min), the output torque
of the 1 pulse switching-mode is increasing by 10%,
but a lot of harmonics are contained in the current.

12

At the high speed (7,500r/min), the output torque
of the 1 pulse switching-mode is increasing by 20%,
and the current waveform of the 1 pulse switching-
mode is approximately equal to the vector PWM.

Using this PWM control method, it confirmed an
increase with 5% of system efficiency at high speed
compared with wusing only the vector PWM
switching-mode.

These data about the PWM control method are
measured with another motor (max. speed
8000r/min, max. output 60kW, 16 poles)

V. CONCLUSION

In this paper, the high performance drive system
for electric vehicle is introduced.

As wusing the high performance -cylindrical
magnet and fixing with the silicone glue, the simple
rotor structure is realized without a bind. And the
number of the poles and the slot shape are designed
for the optimal Xd which is required from the field
weakening control to operate wide constant power
speed range.

To minimize a current in all the operation ranges,
two torque control methods are adopted. At low
speed, the current vector control keeps d-axis
current zero, and at high speed, the voltage phase
control automatically minimizes the d-axis current
for the field weakening control. And the 1 pulse
switching-mode which outputs the maximum
fundamental voltage in the voltage-fed inverter is
also adopted to use the voltage of battery effectively
and to decrease the switching loss.

By combining above these techniques, the drive
system for EV with maximum speed 13,000 r/min,
maximum output 60kW, maximum system
efficiency over 93% is developed and the
performance is confirmed by the experiment.
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Abstract—The applications of different energy saving vector
control strategics to lJLlOtOI‘ drives used in the electric vehicle
(EV) are studied. Thf performance of an interior permanent
magnet (IPM) motor| drive under an off-line energy saving
control over a typﬁcal EV driving cycle is presented.
Discussing the difficulties and limitations of the off-line, and
currently available 'on-line energy saving methods, an
advanced on-line enel‘gy saving control strategy is proposed
for EV applications. The strategy is based on an adaptive
current vector contrgl. The performance of an IPM motor
drive under the proposed control strategy is evaluated
experimentally. Test results are given to prove the validity of
this strategy for energy saving in the motor drive.

1. INTRODUCTION
\

A renewed interest in the electric vehicle (EV) has been
revived in recent yeat's which seems to be more serious and
more fruitful than eL'er before [1]. Almost all major car
makers all over the word have programs on the EV in hand
and a number of major improvements like fast battery
charging techniques, high power high efficiency, light
weight motors and controllers have been reported [2]-[5].
The mass production and market entry have also been
initiated recently. However, there are major obstacles yet to
be overcome before|there will be public acceptance. The
EV range is not sufficient and the performance can not
compete with the| one easily obtained by intemal
combustion engine ¢ars. The EV range and performance
greatly depend on the battery and on the efficiency of
propulsion system. The interior permanent magnet (IPM)
motors have shown to perform well in EV propulsion
systems due to their| potential high efficiency, low weight
and small size [6].] However their efficiency does not
remain high under |the varying operating conditions as
required in EV applications. A dedicated control strategy is
needed to maintain mmaximum efficiency (minimum loss)
and save energy [7].

Two energy saving control strategies are studied here for
IPM motor drives and their performances are evaluated
based on the requirements of EVs. It is shown that the off-
line method is fast and provides smooth operation of the
motor drive. However it needs a detailed machine model
and suffers from parameter dependency. On the other hand
drawbacks and limitations of on-line energy saving
methods, as presented in the literature, prevent their
applications in EV motor drives.

In this paper a new|on-line adaptive energy saving control
strategy is proposed|which is suitable for EV applications.

0-7803-3823-5/97/810.00© 1997 IEEE
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The proposed strategy is implemented on a DSP board
and applied to an experimental IPM motor drive to
confirm its ability to save the available energy in the EV
battery and extend the range of EV.

II. MACHINE MODEL

Assuming sinusoidal voltage, current and flux, an IPM
motor in steady state can be represented by a d-q axis
equivalent circuit in the synchronously rotating reference
frame as shown in Fig, 1. The conventional notations are
used for the presentation of model variables and parameters

\Z\ R, () ®elgiog
+

(b)

Fig. 1. Equivalent circuit of an IPM motor in synchronously rotating
reference frame, (a) d-axis circuit, (b) q-axis circuit.

as defined in the Appendix. According to Fig. 1 the voltage
equations are presented in terms of iy, and iy, the torque
producing components of q- and d-axis stator currents ig
and i4 respectively, as follows:

. R
Ve = Ris (2 D)oL, M

“ri + (& (R
v = R, i+ (F +1), L+ (F +Nw,.¥, (@)

[ (4
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Also by referring to Fig. 1 the following current equations
can be written:

i iy v, 3
w L i
Wit i @
lcd Rc
T wc(wm M Ld’od) (5)
Iy = R .

c

The developed torque is given by:

T, - % qu[wm + (Ld _—Lq)iod]‘ (6)

L

II. ANALYSIS OF MOTOR LOSS

Motor loss consists of several components among them
the electrical loss plays the most important role. The motor
efficiency can be improved if the electrical loss reduces. In
this section the formulation of electrical loss, the condition
under which the electrical is minimized and the effects of
parameter variations are discussed.

A. Formulation of Electrical Loss

Referring to the machine model presented above, the
motor electrical loss Wg as a combination of copper loss
and iron loss can be found as:

) ; 3 . .2
W, - %R,(r.?* i) + SRGariq) ()

where the first term is the motor copper loss and the second
term is the motor iron loss. At a specific value of the motor
speed and load, and assuming constant motor parameters, it
can be shown that the electrical loss is a convex function of
d-axis component of stator current ig. This is done by
substituting all the current components in (7) in terms of iy
and then plotting Wg versus i, However the calculations
are quite lengthy and cumbersome except numerical
calculations are employed or a software with the capability
of analytical computation is used. A simpler approach is to
represent the electrical loss in terms of i,4. In this case (3)-
(6) are used to calculate all the current components in (7) in
terms of i.g, the motor speed and torque [7]. At a specific
operating point, where the motor speed and torque are
constant, Wg is a function of one variable only i.e. iyg. This
function is depicted in Fig. 2 by a dashed line. The shape of
Wg versus i, stems from the fact that the stator current
VErsus ioq in permanent magnet synchronous motors is a V-
shaped curve. The optimal value of i,y corresponding to a
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minimum W can be found by solving the derivative of Wg
with respect to ig [7].

B. Parameter Variations

In general the motor parameters vary over wide ranges
depending on the operating conditions and the ambient
temperature. In many IPM motors these variations are
dominant due to the motor construction [8). In particular
Lg Ls and magnet flux are affected by saturation. R,
changes due to a temperature rise. R, varies depending on
the motor speed, and also due to the saturation in the iron
bridges between rotor magnets. These variations affect the
motor characteristics and performance including the
minimum loss operation. A way of accounting for
parameter variations is to model motor parameters in terms
of motor variables e.g. stator current components. The
relevant relations expressing Ly, Ly and magpet flux as
functions of i,y and i, can be found by experimental
measurements. R. can also be presented as a function of
motor frequency to reflect both components of iron loss i.e.
hysteresis loss and eddy current loss.

Using variable parameters in the equivalent circuit of Fig,
1, it is still possible to model Wg as a function of iy only
and find out the optimal value of i,y The lengthy
calculations carried out by the use of a commercial software
featuring symbolic calculations are not shown here.
However, the functions representing variable parameters
and the motor electrical loss with these variations are
presented.

Iron loss consists of eddy current loss and hysteresis loss.
A constant iron loss resistance, R, in Fig. 1, can represent
the eddy current loss rather accurately but it is not a good
representative for the hysteresis loss. The true value of R,
is difficult to obtain, However, an approximation of R, as a
function of motor frequency can be found which models
both components of iron loss as {9):

R - X4

s 8
C T Klf ®

where R, is the value of R, at the rated speed, f is the
motor electrical frequency, f, is the rated motor frequency
and K is a constant. Wg versus i,y for machine #1 (see
Appendix for the motor data) is depicted in Fig. 2 with R,
as in (8) by a solid line and with constant R=R, by a
dashed line. It can be seen that the optimal values of i, are
quite different. Wg is also depicted in Fig. 2 with elevated
Ry=2ZRq, by a doted line where Ry, is the nominal value of
stator resistance. The minimum value of Wg shifts towards
a less negative value of i,q due to an increase in the copper
loss when R, increases. The increase in R, is caused by
different factors including a rise in the ambient temperature.
Magnetic saturation is also a major source of parameter
variations. Saturation depends on the motor design. For
machines with high energy permanent magnets and small
air gap, as in modern IPM motors, the effects of saturation
are significant [8]. Saturation in general tendsto reduce
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Fig. 2. Electrical/loss (Watts) versus iy for machine #1;
constant parameters (dashed), variable R (solid),
R¢=2R;;, (dotted), variable parameters (dot-dashed).

machine inductances [and the magnet flux. Saturation is due
to the flux produced by the stator current. Therefore it can
be considered in the d-q axis equivalent circuit by
substituting constant inductance Lq and L, and magnet flux
by functions of stator current components (8]. In IPM
motors saturation mainly occurs on the g-axis. Therefore
here only L, is modeled as a function of i by the following
equation:

L, - L) -Ji,) ©)

where L.’ is the valpte of L, at i,;=0 and J is a constant
representing the strepgth of saturation. Having L, at the
rated operating point, Ly, from the motor data in the
Appendix, and assuming that L, varies between 2L, and
1/2 Ly, as suggested in [7]. qu and J are found as 45.56 mH
and 0.077 respectively. It is assumed that the minimum and
maximum values of| L, occur at i,i=0 A and i,g=13 A
respectively. Substituting i, in terms of iy into (9) and then
substituting the result into the loss equation results in Wg
with saturation as a function of i4.

By using (8), (9) and R:=2R,, the effects of simultaneous
variation of parameters on Wg can be considered. Wg
versus i,q with variable parameters is shown in Fig. 2 by a
dotted line where Ly, R, and R; in (7) are replaced by (8),
(9) and 2R,,. It is evident that the combination of changes
in different motor |parameters adds to the difference
between the values| of optimal i,y with and without
parameter variations] The important implication of these
results is the fact that the optimal value of i,4 is greatly
parameter dependent. A further consideration confirms
however, that the parameter dependency is minimal when
the motor works under the rated values of speed and torque.

IV. OFF-LINE ENERGY SAVING STRATEGY

An off-line current| vector control can be applied to IPM
motors to achieve energy saving [7]. In this method the

stator current components are controlled in such a way that
the d-axis current is at its optimal value all the time. The
optimal values of ig and the corresponding values of i; are
calculated off-Line for many operating points. The
calculations are based on the procedure presented in the
previous section. The motor electrical loss is formulated in
terms of iy by using the motor equivalent circuit of Fig. 1.
Solving the derivative of this loss with respect to iy at each
operating point (a specific motor speed and load) gives the
optimal value of i5. Having this optimal current and the
motor torque, the corresponding iy can be found from (6)
[7]. In practice the optimal values of iy and the
corresponding values of i; for many values of motor speed
are stored in a memory as a look-up table. The look-up
table gives an output (optimal iy corresponding to a
minimum motor loss) in response to a pair of inputs i.e.
motor speed and iy command. The latter signal in turn is the
output of the speed controller. The out put from the fook-up
table in conjunction with the speed controller output, i.e.
the d- and q-axis cwrent commands respectively, are
applied to the motor current controllers. In this way the
energy saving operation of the motor is ensured at every
operating point.

Here the off-line energy saving strategy is applied to
motor #1. The off-line calculations for finding the optimal
values of iy are done numerically. The motor performance
under the off-line strategy is studied by simulation over a
typical electric vehicle driving cycle. The following
assumptions are made in the simulation:

i) the losses other than motor electrical loss are not
considered.

ii) the driving cycle used is J227a-D schedule
consisting of 28 seconds of acceleration period from stop to
a maximum speed followed by 50 seconds of cruising at
the maximum speed, 10 seconds of coasting and 9 seconds
of braking. There is also an idle period of 25 seconds at the
end of the driving cycle.

iii) the tractive force needed for an EV is scaled down
to be compatible with the motor rating. The motor torque
during acceleration followed by a constant torque equal to
25% of the rated torque during cruising is shown in Fig. 3.
The optimal values of iy corresponding to the same torque
profile are also shown in Fig. 3. Torque during coasting is
zero and during braking is negative.
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Fig. 3. Torque (pu.) solid, and ieq (pu.) dashed
versus motor speed.
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Fig. 4. Motor electrical loss under off-line energy saving control strategy
over 1227a-D electric vehicle driving cycle; with (solid),
and without (dashed) parameter variations.

Fig. 4 shows the motor electrical loss over the entire
driving cycle in two cases. In both cases Wg is calculated
based on the variable motor parameters as described in the
previous section to resemble the actual situation. However,
the dashed line shows Wg for case 1 where the off-line
computation of the optimal iy is carried out based on a
machine model with constant parameters. Whereas the solid
line corresponds to the case 2 where the optimal values of iy
are calculated based on a varying parameter model. It is
evident that the case 1 does not give a minimum loss
operation. As a result not much energy is saved. On the
other hand the case 2 shows a substantial energy saving due
to a reduced Wg.

In spite of the advantages of case 2 the design and
implementation of this case face some difficulties in
practice. In fact developing a variable parameter model for
the calculation of optimal iy values is complicated due to
the extensive measurement and modeling needed. This task
becomes more difficult in the situation where some motor
parameters have multiple dependencies. For instance R,
may depend on both motor frequency and i . Therefore it is
concluded that an off-line energy saving control strategy is
not suitable for motors with parameter variations working
under wide range of operating conditions as in an EV.

V. ON-LINE ENERGY SAVING STRATEGY

In on-line energy saving strategy, in contrast to the off-
line approach, the optimum value of control variable
corresponding to a minimum loss is found by an on-line
search. A common practice in energy saving control of
induction machines is to apply a step change to a control
variable e.g. the motor flux or d-axis component of stator
current. Then wait for some time, long enough for the
motor to pass the subsequent transient and come to a fairly
steady state situation. Then compare the input power values
before and after the change made in the control variable. If
the power reduces, another step is applied to the control
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variable in the same direction. Otherwise the second step is
applied in the opposite direction. This procedure continues
until a step change in the control variable does not change
the input power. This means that a minimum input power
has been obtained. The motor output power is kept constant
during the search by a regulator. This strategy seems very
attractive since it does not need a system loss model.
Furthermore the motor parameter variations are taken into
account naturally resulting in more energy saving. The
strategy is successfully applied to induction and
synchronous motor drives resulting different degrees of
energy saving depending on the motor operating condition
[10]-[14 ].

In spite of these features an important deficiency of on-
line approach, when applied to high performance
applications, is a long search time it takes to reach the
minimum input power [10]-[14]. In many applications with
frequent changes in operating conditions (speed and load),
e.g. electric vehicles, the steady state period is short and
there is not enough time to reach a minimum input power
condition. This is because the search for an optimum value
of the control variable starts only after the machine reaches
an steady state. During transient states, when the operating
point is changing, the reduction in input power cannot be
used as a criterion for energy saving. Even if the steady
state period permits finding of the minimum input power,
some energy is lost during a long search time. If the
transient state is repeated frequently as in an EV, the total
energy saving may not be significant.

The long search time is mainly caused by the stepwise
change of the control variable and the sluggish response of
the regulator responsible for maintaining the output power.
Avoiding the stepwise change of control variable eliminates
the relatively long transient after each step and subsequent
wait period between steps resulting a faster and smoother
energy saving operation.

Here an on-line energy saving strategy is proposed for
IPM motor drives in which the stepwise change of control
variable, the d-axis current command i4, is replaced by a
contiguous adjustment of iy towards its optimal value. A
linear pattern of change for iy with respect to time is
considered. The control variable therefore follows a ramp
trajectory until it reaches the optimal ig. Also a new
method is used for determining the changes in the input
power. The inverter DC input power, Ppc, is monitored
continuously inside a moving time window. Therefore as iy’
varies contiguously the reduction in input power is
determined at each instance by the difference between the
two values at the beginning and at the end of the window.

A current vector control is designed based on the above
concept and applied to a 1 hp, 4-pole, 3-phase, rare earth
IPM motor. The motor specifications (Motor #2) are found
in the Appendix. The control system is implemented using a
TMS320C31 DSP based control board and undergoes
extensive experimental tests. Details of the design and
implementation are not elaborated here. However, the
control system performance is described by referring to the
experimental results presented in Fig. 5. During the
transient state when the speed error is large the energy



saving control is off and the motor works under an original
ig resulting a desirable dynamics. Once the steady state
speed reaches, the direction of change in d-axis current

Speed (20rad/sec/div)

dash: speed cgmmand Time (2.25sec/div)

solid: motor speed

(a)

@

d— & q— axis currents (1.5A/div)

. Time (2.25sec/div)
upper: g—axis

command

(b)

lower: d—axis

Drive input power (15W/div)

Time (2.25sec/div)

(c)

Fig. 5. Experimental resuits of the drive performance
under the proposed on-line energy saving control
strategy] (a) speed response, (b) current
components, (¢) drive DC input power.
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command iy by which the input power is reduced is
detected as shown in Fig. 4 (a)-(b). This is done by
monitoring the input power variation in response to
continuous change of iy for a short period of time. Then iy’
varies in the same direction towards its optimal value
resulting a reduction in the input power towards a minimum
input power as in Fig. 5 (c). The optimal value of i in this
experiment is about zero due to saturation in rotor bridges
between magnets. In contrast to other on-line energy
saving methods the reduction in Ppc is fast and smooth due
to a continuos pattern of ig’. The minimum input power is
determined when the change in Pp¢ during a short interval
falls below a limit. At this point the input power becomes
flat meaning that a further change in iy does not have a
noticeable effect on the input power. A new mode of
operation starts next in which iy varies in a triangular
manner by changing iy for short periods in opposite
directions repeatedly. This ensures an energy saving
operation if the motor operating point changes slowly.

A nonlinear speed compensator keeps the motor speed
virtually unchanged in spite of the change in the reluctance
torque caused by the change in is. This is done by
increasing the effective speed error signal, applied to a PI
speed controller, depending on the amount of change in iy .
The higher the change in iy the higher is the effective speed
error signal. This results in an output of the speed
controller, iq', which is affected by changes in id‘. Therefore
the change in the reluctance torque caused by ig is
compensated by the change in the magnet torque caused
by iy - Therefore the total motor torque and thus the motor
speed remain constant.

In the case of a rapid change in the speed signal caused
by a change in the speed command (or motor load), the
energy saving mode is terminated and the original d-axis
current command is restored. This provides a desirable
transient state. Once a new steady state is obtained the
energy saving control becomes active again and a new
minimum input power is achieved in a short time as seen in
Fig. 5 (a)-(c). This ensures the validity of the proposed on-
line energy saving contro strategy for EV applications.

VI. CONCLUSIONS

The loss analysis of IPM motors shows that a maximum
energy saving point or a minimum loss condition can be
achieved by current vector control. Under this condition,
the variations in motor parameters substantially affect the
motor loss resulting a non-minimum loss operation.
Therefore an off-line energy saving control strategy, which
depends strongly on motor parameters, may results in no
energy saving due to the variation in the optimal value of ig
caused by parameter variations.

On the other hand existing on-line energy saving methods
may not be fast enough for EV applications where the
operating condition changes frequently.

The proposed on-line energy saving control strategy with
the continuos pattern of change in iy, instead of a stepwise
change, in conjunction with a nonlinear speed controller
overcomes the problem. This results in a fast and smooth



energy saving operation suitable for many applications
including electric vehicles.
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APPENDIX
Motor Specifications

Motor #1 Motor #2
Rated speed, rpm 2000 1800
Rated torque, Nm 1.67 3.96
Rated current, A 5 3
No. of pole pairs p 2 2
Stator resistance
per phase R, 2 0.54 1.93
Iron loss resistance R, Q 240 (Ren) 330
D-axis inductance Ly, H 0.00872 0.04244
Q-axis inductance Lo, H 0.02278 (Lge) 0.07957
Magnet flux yg, Wb 0.08794 0.314
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the prototype ADTR-motor. Then, the transient re-
sponses of the inner and the outer rotor are a little dif-
ferent.

In this paper, an EV simulator was constructed, in
which the load torque was controlled as if the ADTR-
motor were installed in the actual car and the car ran at
the various conditions. Also, the transient characteris-
tics of ADTR-motor was simulated using the four-mass
model[7], [2], [3] and the EV model. Moreover, an pro-
totype of pm type ADTR-motor was tested in the EV
simulator.

I1. Basic CHARACTERISTICS OF
ANTI-DIRECTIONAL-TWIN-ROTARY MOTOR

A. Structure

Fig. 1 shows the illustration of a pm type ADTR-
motor. ADTR-motor has two rotors, one of which is a
rotor (inner rotor) in the conventional motor, and the
other of which is a stator (outer rotor) in the conven-
tional motor. The electricity is supplied through the
slip ring to the outer rotor. Each rotor is independently
supported by bearings, and independently rotates. The
both rotors torque. are automatically balanced in the
structure in Fig. 1 [2], [3].

Sonie powertrains are considerable using the ADTR-
motor. Fig. 2 is some of the powertrains using ADTR-
motor. A reversing gear is necessary in Fig. 2(a), how-
ever the differential gearless power tram can be con-
structed only with one pair of motor-inverter. A center
differential gear is required in the four wheel drive of
the conventional gasoline powered car. A center dif-
ferential gearless powertrain in Fig. 2(b) or differential

B P —

!"‘i-—i.:“. e

outer rotor slip ring

resolver resolver

Fig. 1. Iustration of ADTR-motor
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Fig. 2. EV power trains using ADTR-motor

gearless powertrain of the four wheel drive could be also
constructed using one or two of an ADTR-~motor.

Several motor structures of ADTR-motor are consid-
erable; pm type, im type and so on. In this paper, a pro-
totype spm{surface mount pm) type ADTR-motor was
tested on the EV simulator and driving characteristics
were analyzed by the computer simulations considering
EV driving conditions. The rating and parameters of
the prototype spm type ADTR-motor are shown in Ta-
ble 1.

B. Basic Characteristics

The speed response and the torque response of the
both rotors of spm type ADTR-motor were measured
using the equipment as shown in Fig. 3. The rotor
speeds were measured by tachometers attached to the
dc motors, which were connected to the both sides of
ADTR-motor as loads. The torque was measured by
torque meters, which are located between the rotors and
the dc motors. k

In the fundamental characteristics measurements, the

TABLE I
RATING AND PARAMETERS OF THE SPM TyYPE ADTR-MOTOR

Rated Qutput 1.8 (kW)

Rated Torque 5.73 (N-m)

Rated Speed 3000 (rpm)

Rated Current 5.15 (A)

Pole Number 6

Tnduced Voét:fsetam Kg 34.56 (mV /rpm/phase)
Torque Constant K 1.11 (N-m/A)

Armature Resistance R,
Armature Inductance L,

0.21 (©2/phase at 20°C)
1.0 (mH at 20°C)
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Fig. 3. PM Type ADTR-motor Driving System for Experiment

de motors were used as generators, and the induced
voltage of them was consumed by resistor banks as the
loads. The load could be varied by changing the resis-
tance.

Fig. 4 shows the speed response of the spm type
ADTR-motor when the motor starts and stops. In this
experiment, the d-axis voltage and the g-axis voltage
were maintained constant.

The inner rotor motor speed increased faster than the
outer rotor. The reason is that the inertia of the inner
motor is less than that of the outer rotor in case of the
structure in Fig. 1.

Fig. 5 (a) and (b) are the speed response and the
torque response of the each rotor in spm type ADTR-
motor under the torque control. Both responses were
measured under the condition that after the steady-
state speed 1s obtained, suddenly the outer rotor-side
load was removed, and again connected. This exper-
iment correspond to that one side wheel is suddenly
slipped and recovered on an actual EV. The torque
is step-wise changed, but soon balanced. This result
shows that the ADTR-motor has the function of the
differential gear.

Now, an EV simulator was constructed to study the
effects for the inertia difference of the ADTR-motor
when actual EV was propelled using ADTR-motor. In
the EV simulator, the torque of the dc motors in Fig. 3
was controlled using the EV model.

\inner

outer ho utelr

dnner me

i

Speed
o

time
Speed (165 rpm/div,—2 sec/div)

Fig. 4. Transient Response without Torque Control (Starting
and Stopping)



where,

Radius of wheel

r T
et M : Total weight of the vehicle
T, Torque
Inder g Grayity accelerator constant
o v Vehicle speed
g 0 15” J Inertia of Tire
‘% - 7 Friction coefficient between the wheel and road
" B Friction coefficient between the shaft and bearing
s F Thrust force
Fr : Road resistance force
w . Rotor speed,
T where, the load resistance force Fg is assumed to consist
Time of the aerodynamics resistance, which is expressed as
the next equation.
CySv?

(a) Speed (165 rpm/div,—2 sec/div) Fp= d16 (4)
Cj 1s the air drag coeflicient, and S is the front projec-
tion area.

Now, the friction coefficient g is varied as a func-
tion of the speed difference between the vehicle and the
wheel. Also, the friction coefficient p is changed by the

Inner Outer road condition; for example, driving in the rainy road or
g s h‘mﬂ the fine road. On the EV simulator, this situation was
T Qe+ OBLEL L o simulated by changing the u—slip curve. The speed dif-
I—O— ference s(slip speed) between the wheel and the vehicle
is expressed as follows.
§ = Py —v (5)
In this paper, the road condition is not changed. The y
is approximated as (6) for simplification. Fig. 6 shows
u—slip curve obtained from (6).
—(exp(0.54s) — exp(1.22s))
. . - (s<0)
(b) Torque (1 0.196 Nm/div,—2 sec/div) F=19 eap(~0.54s) — exp(—1.225) (6)
(s>0)

Fig. 5. Transient Response with Torque Control (Load Change)
Fig. 7 shows the EV simulator model for the ADTR-

motor drive in equations(1)—(6). The meshed part in

I1I. ELEcTRIC VEHICLE SIMULATOR(EV

SIMULATOR)
A. EV driving mddel using the ADTR-motor
O~3 /\
At first, the EV model was considered before con- 0.2 -
struction of the EHV simulator. The motion equations 0.1 /
for the vehicle body and one of the rotor are given as '
follows; H 0
p -0.1 /
w
J— =T.— Fry — Bw (1 -02
dt
i -0.3 AV
M— =F_F 9 -10 -5 0 5 10
dt R @ s = rw — v(km/h)
F=u(s)Myg (3)

Fig. 6. Friction coefficient vs. slip
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Fig. 7. EV simulator model

the figure is the EV simulator.

B. Algorithm of EV simulator and Realization

In the EV simulator, the following algorithm is com-

puted.

1. The slip speed in (5) is calculated from the rotor
speed and the vehicle speed.

2. The friction coefficient is calculated from the slip
speed in (6), and the thrust force F is computed in
(3).

3. The torque of the dc¢ motor is adjusted to equal
to the thrust force F'r,,. This is converted to the
equivalent dc motor current reference.

4. The vehicle speed v is calculated in (2).

The hardware of the EV simulator is shown in Fig. 8.
The motor torque is adjusted by the current regula-
tors, using a power amplifier. The current reference in
Fig. 8 is calculated by a personal computer(PC for ab-
breviation). The rotor speed is obtained through A/D
converter. Then, PC calculates the thrust force(or cur-
rent reference) following the above algorithm or in Fig.

Outer ... Inner
H P ——
T M
TG DCM R | HEHE DCM TG
Tl I B | i
Current Iref Current Iref Current
Controller] Reference Controlle
w Generator W

Fig. 8. EV simulator
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7. Then, the current reference is output through the
D/A converter to the current controller, which consists
of analogue operation amplifiers and power amplifiers.
Table II shows the hardware specification of the EV
simulator.

C. Computer simulations

The transient response of ADTR-motor could be ana-
lyzed and simulated using the EV model in (1)—(6) with
the four-mass model(7], [2], [3].

Fig. 9 is the simulated transient response of each
rotor speed and the vehicle speed using the EV model
in (1)-(6), when the motor starts. Table III shows the
parameters for computer simulations. The response was

TABLE IT
THE SPECIFICATION OF BV SIMULATOR

pPC NEC PC9821Xel0
CPU 486DX 100MHz

ADTEK AB98-57B

A/D & D/A board

resolution 12b1it
A/D| conversion | 4bus

time

resolution 12bit
D/A | settling 40us

time

TAKASAGO BWS40-15
Nana electronics
SR-13AP

power amplifier
current sensor




TABLE 111
PARAMETERS FOR THE SIMULATIONS
J 2.0x107% (N- m- sec?)
Jouter | 1.5x1073 (N- m- sec?)
Jinner | 5.0x107% (N- m- sec?)
Tw 0.32 (m)
M 1500/2.0 (kg)
Cy 0.2
g 9.8 (N/m)
7 0.01xs
B 1.0x 1073
S 1.55/2.0 (m?)
Fp Cdszg/16.0
Trey 100.0 (N)
1000 v
Outer
Inner --eeeee
@ i
8 /
@ |
o |
=
200 :
0 l H i H
0 20 40 60 80 100 120 140
time(s)
(2) Motor speed
100
—~ 80F
E
D
a :
(7)) P :
S - r
2 : . ‘
>
20 /-
0 i " N
0 20 40 60 80 100 120 140
time(s)
{(b) Vehicle speed
Fig. 9. Simulated Transient Response using EV model(Computer
simulations)
simulated under the torque control condition.
Although the injertia of the both rotor are different,
the both wheel speeds increase almost equally. The rea-
‘son is that the inertia difference between both rotors is
less than the vehidle inertia.

TABLE IV
PARAMETERS FOR THE EXPERIMENTS

Total Weight( M) 500(kg)
Radius of wheels(r) 0.2(m)
Air drag coefficient (Cy) 0.1
Front area projection(S) 1.55(m?)
Sampling period of EV simulator | 100(us)
Torque reference of ADTR-motor | 8.28(N)
35
30 R
o i
a 20 pe
= pd
= 15 o
E
A5 A
0
5 i
0 50 100 150 200 250 300 350 400 450 500
Time(s)
(a) Motor speed
0.7
0.6 T
/
:::\\ 0.5 <
g 0.4
=03 e
=
3 0.2 .
2, Vehicle! Speed —
o 0.1
0
-0.1
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0 50 100 150 200 250 300 350 400 450 500
Time(s)

(b) Vehicle speed

Fig. 10. Transient response on EV simulator(Experiments)

IV. EXPERIMENTS

In general, EV is driven under the torque control.
Accordingly, the ADTR-motor was driven under the
torque control in the experiments. The transient re-
sponse of the pm type ADTR-motor on the EV sim-
ulator is shown in Fig. 10. Table IV shows the pa-
rameters of the EV simulator for the experiments. In
Fig. 10, inner and outer rotor speeds were increased
almost in same manner, although there was a little vi-
bration. Also, the vehicle speed was accelerated as the
rotor speeds increased. The causes of the vibration
may be that the sampling time of the system is not
small enough for the friction coeflicient calculation at



the present facilities.

V. CoNCLUSION

In this paper, the EV simulator was constructed to
analyze and verify the characteristics of the ADTR-
motor when it was installed in EV. The characteristics
of the reaction between the wheel, the road, and the
vehicle speed, were simulated using simplified differen-
tial equations and non-linear equations in (1)-(6). The
elementary characteristics of this simulator was verified
by the simulated starting of the vehicle. Through ex-
periments, the inner and the outer rotor speeds were
increased as if the ADTR-motor were installed in the
actual vehicle. Due to the limited facility, there is a
hittle oscillation in the measured rotor speeds.

In the future works, the transient characteristics will
be tested using this simulator such as the shp condition,
and a traction control will be developed.
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Abstract — In att

power operation prop
have developed a

Fax:+81-52-509-1399,

empt to further improve a constant
erties of an induction motor ( IM) , we
ix-phase pole change IM (six-phase

PCIM ) . The six-phase PCIM can further expand a constant
power operation range without increasing the volume and
current of an IM. The pole change can be carried out
smoothly without the [torque fluctuation by the technique of
controlling the currents of two modes ( 4-pole and 8- pole)
independently. The characteristics of the proposed system
are shown through the simulations and experimental results.
Furthermore, the facceleration characteristics of the
prototype electric vehicle ( EV) mounted a six-phase PCIM
is shown.

[. INTRODUCTION

In recent years, the| research and development of EV has
been promoted becamse of environmental problems, etc.
One of the characteristics of the EV drive system is a
drive train that eliminates the transmission by using the
wide range speed cqntrollability of the motor. Therefore,
the motor for EV must generate a high torque at low

speed ranges, and
power operation.
lightweight, and ea

ust have a wide range of constant
nd the motor must be compact,
to service and then it must have a

sturdy structure. An|IM has a sturdy structure, and with
vector control, high forque operation at low speed ranges
and a wide range| of constant power operation are
relatively easy. Thus| an IM is considered as a motor that
can satisfy the requirements for the EV motor.

In large EV applications such as trucks, however, a
large torque is required even at high speed ranges. So a

wider range of co

tant power operation is required to

climinate the transmijssion, and a larger size of IM must

be applied. Therefo

re, configuring a drive system that

climinates the transmission is difficult. To resolve this

problem, the authorg

have proposed the six-phase PCIM

that further improves the operation characteristics of an

M for EV, and also|

its analysis method [ 1],[2]. The

six-phase PCIM uses a new drive method that a single

winding PCIM with
with a six-phase
difference in mot
dissimilarity in the
further increased co
increasing the motor,

the number of poles ratio 2:1 is run
inverter ( six-phase INV) . The
or characteristics caused by the
umber of poles is used to achieve a
tant power operation range without
size or current. The number of poles

is changed by controlling the winding voltage ( current)

phase and frequend
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mechanical contactor conventionally used to change the
connection is no longer required. In addition, the
intermittent torque is eliminated at the pole change, and
continuous torque control is possible. So the six-phase
PCIM further enlarges the application range of the drive
system that uses the features of the EV that it does not
require transmission. And the six-phase PCIM is extreme-
ly effective when the operation performance is a priority
at high speeds.

In this paper, the authors will briefly explain the
operation theory of the six-phase PCIM, and will show
that the vector control is possible by using the six-phase
tensor-transformed rotational d-q axis proposed in[ 2] .
Furthermore, the authors will propose a control method
that suppresses the transient torque fluctuation that greatly
affects the comfort of riding in EV at the pole change.
And it will be shown that the validity through simulations,
experiments and vehicle mounted tests.

II. OPERATION THEORY OF PCIM FOREV [ 1]

Generally, the maximum torque during constant power
operation of an IM driven with an INV changes in
inverse proportion to the square of the speed when the
INV's output voltage is constant. On the other hand, the
required torque of the load changes in inverse proportion
to the speed. So when the maximum torque corresponds
to the load's required torque as shown with the 8-pole
torque curve in Fig.1, the operation limit is reached. To
increase the constant power operation range, an IM must
be designed with a large maximum torque, or with a low
rated voltage at the base speed. However, in these cases,
the size of an IM will increase, or the current will
increase and it will cause the inverter capacity to increase.
A method to resolve this problem is the six-phase PCIM
that uses the single winding pole change method. If the
six-phase PCIM has the number of poles ratio of 2:1, any
number of poles can be handled. So, the 4/8 pole used for
the prototype will be used in this paper.

When the layout and connection of one phase of the
six-phase PCIM are as shown in Fig2, if a current is
flowed as shown in Fig.2 (a) , it will function as 8-pole.
However, if the current flows as shown in Fig2 (b) , it
will function as 4-pole. In this case, if the six-phase
PCIM is operated at the same voltage and speed, the
maximum torque of the 4-pole operation will be
approximately twice that of the 8-pole operation. Because
of this, if the number of poles is changed at the speed

PCC-Nagaoka '97
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Fig.1. Torque characteristics of the six-phase PCIM
at constant power operation.

shown in Fig.1, an allowance will be generated in the
maximum torque of an IM in respect to the load's
required torque. And a constant power operation over a
wider range than the 8-pole operation will be possible. To
use the 4-pole operation in the six-phase winding shown
in Fig.3, the voltage must be applied to create a flux so
that the opposing windings have different poles. The
voltage of each phase (val to vf1) is obtained with (1) .
To use 8-pole, the phase voltage (va2 to v2) obtained
with (2) must be applicd to create a flux so that the
opposing windings have the same poles. Where, vim, i,
¢1: maximum phase voltage value, angular frequency,
phase angle during 4-pole operation. vom, @2, ¢2
maximum phase voltage value, angular frequency, phase
angle during 8-pole operation.

(a) 8-pole excitation

(b) 4-pole excitation

Fig.2. Principle of the six-phase PCIM
(for only one pair of poles)

Fig.3. Winding model of the six-phase PCIM.

ITI. APPLICATION OF VECTOR CONTROL
ON SIX-PHASE PCIM

A. Six-phase PCIM Voltage Equation

Coordinate transformation is carried out by using the
six-phase tensor-transformed rotational d-q axis that is a
combination of the single angle d-q axis ( coordinate axis
for the 4-pole) and the double angle d-q axis
(coordinate axis for the 8-pole) proposed in[2].

= +@! . . . .
val _ vinCOS (ait+¢1) According to the analysis by using the six-phase tensor-
voi= vimCOS ( wit+g1-w/3) . . .
_ transformed rotational d-q axis, the voltage equation ( 3)
vel = vimCOS (wit+¢1-27/3) . 0 .
_ (1)  for the 4-pole on the single angle d-q axis is obtained,
vdr= vimCOS (wit+¢1-37/3) ;
- and the voltage equation (4 ) for the 8-pole on the double
vel = vimCOS ( wit+p1-47/3) oF. ) . .
Vil = vimCOS (aittdi-5m/3) angle d-q axis is obtained. Where Rs: primaty resistance,
Ls: primary inductance, Msr. magnetizing inductance, Rr:
va2= v2mCOS ( w2t+¢2) secondary resistance, L. secondary inductance, p: dif-
vb2= v2mCOS ( w2t+¢2-2w/3) ferential operator, vd, vq: d-q axis voltage, id, iq. d-q axis
vez= v2mCOS ( w2t+¢2-47/3) (7) cunent, o angular frequency, ws: slip angular frequency.
vaz= v2mCOS ( w2t+¢2) And the parameters for the 4-pole motor have the suffix
ve2= v2mCOS (wat+g2-2'3) "1,” and the parameters for the 8-pole motor have the
vz = vamCOS (w2t+g2-47/3) suffix "2."
_vdslw —ks1+Ls1p -wiLs! Msrip  -0IMsri T _l—'dsji]
vgsl |_ | @ILsl  Rsi+Lsip @iMsri Msrip igsl 3)
0 Molp  -wsiMsrl Rel+Lrlp -csiLrl idrl
LO | lesiMsrl Msrip wsiLrl  Rrit+Lrip | udﬂ_
vas2 | [Ra+Lsyp -aols2  Marzp  -w2Msrz | [ids2]
vgs2 | _ a2ls?  Rs2+Lsip  @2Msr2 Msrap igs2 @)
0 Msr2p  -ws2Msr2 Rr2+Lr2p -@s2Lr2 idr2
L0 | |ws2Msr2  Msrop ws2Lr2  Rr2+Lr2p | {idr2 |
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Each is independent and non-interfering, and the 4-pole
torque 77 is expressed with (5) and the 8-pole torque 772
with (6) . The composite torque 7 is obtained with ( 7) .
Where, P1 and P2 ape the number of pole pairs of 4-pole
and 8-pole.

T1 = PiMsr Cidrligsi - igrlidsi) (5)
T2 = PiMsr Cidr2igs2 - iqr2ids2) (6)
T+ T + T2 (7)

B. Configuration of Vector Control System

The 4-pole and 8-pole can be handled independently. So
if constant values are used for the d axis ( exciting)
currents ids/ and ids? and the slip angular frequencies as!
and ws2 with (8)and (9) are used, indirect vector
control for each pole is independently possible. The
torque during vector control is expressed with ( 10) by
(5) to (7), and torque control in proportion to each
pole's q axis (torque) current igs! and igs2 is possible.
With this, operation control of 4-pole or 8-pole is

independently po

ssible. And 4-pole and 8-pole

simultaneous contro} is possible too.

ws1 = (igst /-ids1) - (1 / o) (8)
w2 = (igs2 / ids2) - (1 / ©2) (9)

T=Pi (Ms" /Lr1) ids - ligsl
+ P2 (Ms? / Lr2) ids2 - igs2 (10)

The matrix that

transforms the six-phase tensor-

transformed rotational d-q axis voltage into a six-phase

voltage is expressed

with (11) , and on the other hand,

the matrix that transforms the six-phase current into the
six-phase tensor-transformed rotational d-q axis is

expressed with ( 12
torque current,
six-phase AC curren
6: rotor position a
indicate the 4-pole

The configuration|
shown in Fig.4. Th
obtained from thd
coordinate transfo
current independen

Where, ids: exciting current, igs:
ds,vgs: d-q axis voltage, ia ~ if
t, va ~ vf. six-phase AC phase voltage,
ngle. And the suffixes "1" and "2"
motor and 8-pole motor respectively.
diagram of this control system is
e d-q axis currents of each pole are
six-phase current by using the
tion given in (12) to control the
vy for each pole at "Current control
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1,2" of Fig.4. The voltage command value obtained here
is transformed into the six phase by using ( 11) to carry
out vector control independently for the 8-pole and 4-pole.
The pole change point lies on a constant power control
range, and the pole change is carried out at the point that
the six-phase PCIM speed corresponds to the pole change
speed (approximately double the base speed) . If the
speed is lower than the pole change speed, the 4-pole side
current command is set as zero, and only the 8-pole side
current command is applied for 8-pole operation. If the
speed is higher, the motor is run with only 4-pole. While
changing the number of poles, the current command for
both modes is applied to carry out 8-pole and 4-pole
simultaneous operation so as to suppress the fluctuation
of the torque. The pole change method is described in the
next section,

IV. PoLE CHANGE METHOD [3],{4]

With the method being proposed, the number of poles
are changed by controlling the voltage ( current) phase
and frequency of each winding with the six-phase INV.
Therefore, the two modes can be operated simultaneously,
and the number of poles can be changed continuously. So
the control that suppresses the torque fluctuation when the
number of poles is changed is possible. Here the torque
fluctuation suppression method is described.

Assuming that the mode is being changed from 8-pole
to 4-pole (when increasing the speed) , the simplest
change method is to lower the 8-pole current command in
a step, and to raise the 4-pole current command in a step.
However, in this case, a large torque fluctuation will be
generated due to the residual flux of the 8-pole and the
starting lag of the 4-pole flux. To prevent this, the 8-pole
flux must be sufficiently attenuated before the 4-pole
current command is gradually increased. But in this case,
the torque will be intermittent. With proposed method,
both modes are operated simultancously. The 8-pole
current command is gradually lowered with an
exponential function, and at the same time, the 4-pole
current command is increased to supplement the drop in
the 8-pole torque. This allows the torque fluctuation to be
suppressed. The control method is shown below.

Va COS 9! -SIN& COSs a2 -SING2 \Z0

Vb COS(@01-3) -SIN(O1-/3) COS (62-2/3) -SIN(2-27/3) | |vgsi

ve|_ 1 . |COS 01-23) -SIN(61-27/3) COS (62-47/3) -SIN (62-47/3) | |vds2 an
vd| V3 |COS(@-3mw3) -SIN(61-37/3) COSé: -SIN&2 vgs2

Ve COS(61-43) -SIN(61-47/3) COS(62-27/3) -SIN(62-27/3)

LVf COS(8i-573) -SIN(61-57/3) COS(62-47w3) -SIN(62-47/3)

[ids1 CO$61 COS(01-w3)  COS(61-2w/3) COS(61-37/3) COS(01-4w3) COS(O1-57/3)

igst|_ 1 . |-SIN6I SIN(@1-w/3)  -SIN(01-27/3) -SIN(61-37/3) -SIN(601-4w3) -SIN(61-57/3) 12)
ids2| Y3 |CO$6 COS(62-27/3) COS(62-47w3) COS62 COS(6-2w3) COS(62-47/3)

Ligs2 -SING2 -SIN(@2-27/3) -SIN(62-4w3) -SING2 -SIN(62-2773)  -SIN (62-47/3)
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Fig.4. Configuration diagram of the six-phase PCIM control system.

A. 4-Pole Side

The response of the 4-pole secondary flux A/ has a
secondary time constant 7~ lag in respect to the exciting
current. Thus, ids!* is applied in a step to the rated value,
and the torque current command igsi* is increased with
the first lag shown in (13) having the change time
constant zh! ( 2 7r1) that is equivalent to or larger than
i,

igsi® = igs1*¥x {1 - exp (-t / 7nt) } (13)

B. 8-Pole Side

To make sure that the secondary flux A-2 can follow the
changes in the exciting current command, the exciting
current command ids2* and torque current command igs2*
are decreased with the exponential function indicated with
(14) and (15) having the change time constant 7ch2
(2 =2) that is equivalent to or larger than a secondary
time constant of the 8-pole 72,

ids2*
igs2*

(14)
(15)

ids2* X exp (-t / wh2)
igs2*¥ X exp (-t / 7h2)

However, as a 8-pole secondary time constant w2 is
smaller than a 4-pole =7, the change time constant 7ch/,
7ch2 are dominated by 7/. And the minimum value of the
exciting current is limited to 20% of the rated value so as
to stabilize the control. The cendition for completion of
the pole change is the point when the 4-pole side torque
current command value increases to 90%. And, the pole
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change is completed with the 8-pole side current
command value as zero, and then 4-pole single operation
is started. The change from 4-pole to 8-pole ( when
decreasing the speed) is the above operation in reverse.
This pole change control is carried out at "current
command operation, pole change control” of Fig.4. And
the block diagram is shown in Fig.5.

In this pole change operation, the torque fluctuation
amount and line-to-line voltage waveform change during
the pole change process due to the setting value of the
change time constant. Thus, this setting is important. In
particular, the line-to-line voltage during the pole change
operation becomes the composite voltage waveform of the
4-pole and 8-pole, and the voltage peak value becomes
higher than the 8-pole single operation. So it must be
suppressed to within the range that can be output by the
INV. This voltage rise amount and torque fluctuation
amount have a trade-off relation, and the change time
constant is determined by the simulation results shown in
the next section. In addition, considering the response of

»
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Fig.5. Current command operation, pole change control section.



the secondary flux in respect to the exciting current, it is
difficult to set the change time constant to a value lower

than the secondary

time constant of each pole. So the

secondary time constant value of the 4-pole side having

the larger time const

ant is used as the standard.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Prototype Motor Rating And Parameters

The prototype motor rating and parameters are shown in

Table I. And a view

Fig.6.

of the six-phase PCIM is shown in

B. Experimental Results at Both Modes Simultaneous

Operation

The torque, while
taneously, is the ¢
obtained with (10)

t-pole and 8-pole are operated simul-
bmposite torque of both modes as
. The experimental results using the

actual motor are shgwn in Fig.7. Fig.7 (a) shows phase
voltage, current and torque waveform for the 4-pole

single operation at
command of 28%.

8-pole single operat]
(¢) shows the w3

simultaneous operati
72% respectively. F
the both modes' vol|

a speed of 3600 rpm and torque
Fig.7 (b) shows the case for the
ion ( torque command 72%) . Fig.7
veform during 4-pole and 8-pole
on at a torque command of 28% and
rom Fig.7 (¢), it can be seen that
age (current) is superposed on, and

that the torque. mat:j:es the value obtained by adding both

modes' torque. It ¢

also be seen that there is no torque

TABLE 1
RATING OF THE PROTOTYPE MOTOR (AT 120 Hz / 240 Hz)
Maximum power 15 kW | Base speed 2500 rpm
Number of poles 1/8 Pole change speed 3600 rpm
Maximum voltage 50 V Maximum speed 10000 rpm
Primary resistance Rsi /Rs2 (W) 0.0380 / 0.0380
Secondary resistance Rrl /Rr2 (W) 0.0120 / 0.0150
Primary inductance Is1 /Ls2  (mH) 4.7036 / 1.3459
Secondary inductance Ll /Lr2  (mH) 4.6834 / 1.3225
Magnetizing inductance Msrl / Msr2 (mH) 4.6229 / 1.2495
Secondary time constan Trl /2 (sec) 0.3903 / 0.0882

Fig

.6. The six-phase PCIM.
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Fig.7. (¢) Characteristics at 4-pole and 8-pole simultaneous operation.

pulsation. From these results, it can be confinned that
torque control independently for each pole and simul-
tancously for both modes are possible with this control
system,

C. Simulation Results of Pole Change Control

The simulation results of the torque and lino-to-line
voltage when changing from 8-pole to 4-pole at a speed
of 3600 rpm and the maximum output are shown in Fig.8.
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Fig.8. Simulation results of pole change characteristics
at Tchl = tch2 = 1rl.

This figure shows the case when the change time constant
is set to the 4-pole secondary time constant value ( zehs,
wh2 = 1) . At the time t = 0.3 sec, the operation
changes from the 8-pole single operation to the 8/4-pole
simultancous operation, and the 4-pole single operation is
started at t = 1.4 sec. The torque drops about 25% for a
maximum torque during pole change, but the fluctuation
is relatively small, and the waveform is smooth. The line-
to-line voltage during pole change is the composite of
both modes' voltage, and "undulation" occurs due to the
difference in frequency. However, the peak value is 230
V at the maximum, and is suppressed to an approximately
10% increase compared to the 208 V for 8-pole operation.

D. Comparison of Experimental Results and Simulation
Results

Fig.9 shows the feedback exciting current of each pole
(idsi, ids2) , the feedback torque current ( igsi, igs2) , the
c-phase current waveform, and the torque when the
number of poles are changed with the actual motor at the
same conditions as the simulation in Fig.8. The torque
drops approximately 33%, and is slightly larger than the
simulaton results. However, the general wavefori
approximately corresponds to the simulation results. The
d-q axis currents of each pole are also operated according
to the commanded value. It is believed that the motor's
secondary time constant error is the cause of the slightly
larger torque drop than the simulation results.

From the above results, a six-phase PCIM control
system with no intermittent torque can be structured,
although there is a slight torque fluctuation at the pole
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Fig.9. Characteristics of pole change operation
at 8-pole to 4-pole.

change. And it is assumed that this system can be applied
for EV drive use.

VI. RESULTS OF VEHICLE MOUNTED TEST

To investigate the effect of the torque fluctuation
gencrated when the number of poles is changed on the .
comfort of the ride, a prototype EV mounted the proposed
six-phase PCIM was manufactured and evaluated. This
prototype EV was a modified gasoline engine vehicle
with a 4-stcp manual transmission. And a view of the
prototype EV is shown in Fig.10. The data obtained by
accelerating from the stopped state to 4680 rpm with the
fully opened accelerator and the transmission fixed at 2nd
gear is shown in Fig.1l1. The number of poles was
automatically changed at 3600 mpm.. A slight speed
fluctuation was observed at this time, but it can be seen
that the acceleration is smooth. The adverse effect of this
speed fluctuation on the comfort of the drive is almost nil,
and thus is not considered as a problem for the practical
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VII. CONCLUSION

Ls)ystem for controlling the torque and

r suppressing the torque fluctuation
ith the six-phase PCIM for EV have
six-phase PCIM allows the constant
ge to be increased. And the validity
hrough simulations, experiments and
5. The results are as follows:
lg the six-phase current of the
o the six-phase tensor-transformed

vector control of each pole is

independently possiblle. Through the experiment using the

six-phase INV, it w
sum of each pole's

as confirmed that the torque is the
torque, and that each pole can be

independently controlled.

ii} As a pole ¢
intermittent torque af
the 4-pole and 8-pol

hange method that eliminates the

the pole change, a method to control

> simultancously to increase /decrease
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the current of each pole with an exponential function to
suppress the torque fluctuation and continuously change
the number of poles was proposed. And the effectiveness
was confirmed through simulations and experiments.

iii) A travel test using an EV mounted the six-phase
PCIM was carried out. As a result, it was found that the
torque fluctuation at the pole change did not adversely
affect the comfort of the ride. And it was confirmed that
there were no problems for the practical application. The
shock caused by the pole change was hardly felt by the
driver.

From the above results, it is believed that the proposed
six-phase PCIM control system can resolve the
intermittent torque problem, which was a barrier to
applying the pole change method to EV, at the pole
change, and that this system can be applied to EV drive
system.
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Abstract - We have examined the optimum rotor design
of an Interior Permanent Magnet motor ({PM motor) for
Electric Vehicles. By |using double-layer magnets embeded
into the rotor with the layers separated in the direction of
the rotor radius, we have been able to construct a rotor that
takes greatest advantige of reluctance torque, resulting in a
10 percent torque incrrease over the conventional IPM motor,
which uses only a single-layer of magnets in the rotor.

I.| INTRODUCTION

In the past few years, worldwide awareness of
environmental problems has grown dramatically, and
tremendous interest{ has grown in developing non-
polluting Electric Vehicles (EV). Fig. 1 shows the motor
requirements of EV. | The desired characteristics are high
efficient, high torque and a wide operating range. In
recent years, IPM using the field weakening control is
paid to great attentjon as a motor which satisfies this
demand" .

For this study, we examined an IPM motor for use in an
EV. The IPM motor has permanent magnets inside the
rotor, and we corppared performance characteristics
depending on rotor configuration.

The g-axis inductgnce of the IPM motor is greater than
the d-axis inductandge, because the magnets of the IPM
motor are embeded inside the rotor. As a result,
reluctance torque c4n be used in addition to magnetic

torque, giving bright
However, many poir
the optimum ratio

promise for a high efficiency motor.
ts remain unresolved in determining
for utilizing magnetic torque and

reluctance torque.
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High torque
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Fig. 1| Motor requirements of EV.
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We examined the differences in motor characteristics
depending on how the magnets were embeded in. For this
comparison, we set conditions so that the volume of
magnets remained constant, and we used both computer
simulation and experiments.

As a result, we were able to develop an IPM motor with
double-layer magnets. This motor produces 10 percent
greater torque than the conventional single-layer magnet
IPM operating on the same current.

II. THE OPTIMUM ROTOR CONFIGRATION

The output torque T of the IPM motor is represented as

7=Plgaiq+(Lq~Ld)idig)
M)
= P{¢a1acosﬁ+~;-(1:q—Ld)I%Sinzﬁ}

where, ¢ ,: flux-linkage expressed on the d-q coordinates,
isi,. d- and g-axis components of armature current,

1, :Ji?] +i(21 , LaL,: d- and g-axis inductance, 4 leading

angle of armature current from the g-axis, R, armature
resistance per phase, V,: motor terminal voltage and P:the
number of pole pairs.

Next, the voltage equation is as follows:

V%=(Raid—a)Lqiq)2

2
+(Raiq+deid+w¢a) 2)

The first term of Eq. (1) is the magnet torque generated
by the permanent magnets. The second term is the
reluctance torque occurring from the difference between
the d- and g-axis inductance. Under the condition that
magnet volume is remained constant, flux-linkage & , is
roughly the same. This means to increase the torque with
the same current I,, we must increase the difference
between the d- and g-axis inductance L,-L;. However,
when the difference increased, according to Eq. (2)
voltage saturation occurs at more low speed. At this
point, we can make a wide-range motor drive by
effectively using the field weakening control method.

PCC-Nagacka '97



To display the maximum motor characteristics using
weak field control, it is necessary to create a design that
gains a balance between reluctance torque generated from
rotor saliency and magnet torque from the permanent
magnets, The motor characteristics depends on the
machine parameter ¢,, L, and Ly 5] It is important that
the optimum machine parameters are selected in order to
obtain the desired output characteristics of EV motor.
Below, we would discuss the optimum values of machine
parameter.

Table 1 shows the calculation parameters. We
simulated the speed vs. Torque characteristics using the
maximum torque and the field weakening control*),
Fig.2 shows the results of a simulation to determine how
motor characteristics change in the parameters of
magnetic flux, g-axis inductance, and d-axis inductance.
Through simulation, we found that increasing the g-axis
inductance 10 percent without increasing the magnetic
flux or d-axis inductance is effective in increasing the
maximum output torque and broadening the constant-
power operating region.

Table 1 Calculation parameters.

Typel | Type2 | Type3 | Type 4
Magnetic flux
linkage: ¢, 1 1.1 1 1
g-axis
inductance: L, 1 1 1.1 1
d-axis
inductance; L; 1 1 1 0.9

(pu.)

I

—i— Type1
—o&— Type2
- O~ -Type3

% --x--Type4
0.8

0.6 L{%
X
0.4 :\
X Ek@\‘:\
3
0.2 = o]

0 2000 4000 6000 8000 10000 12000
Speed [rev/min]

l.Zr

......

1

Torque {p.u.]

Fig.2 Calculation results of a simulation,

We decided to use a FEM(Finite Element Method)
simulation to examine the effect on d- and g-axis
inductance caused by changing the number of magnet
layers inside the rotor®®. Fig.3 shows four types of IPM
rotor configurations used in this analysis. Type (a) is a
Single-layer IPM rotor, type (b) is a double-layer IPM,
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type (¢) is a three layer, and type (d) is a ten-layer IPM
rotor.

The volume of magnets is the same in each. In the
single- layer rotor, each pole consists of a single magnet,
and the magnet thickness is the greatest of the four types.
But to maintain the same magnet volume. increasing the
number of magnet layers results in decreasing the magnet
thickness. The other primary factors( for example, outer
diameter of the rotor, air gap between rotor and stator, and
stack length and stator specifications ) are all remain the
same.

Fig. 4 shows the results of this analysis. Increasing
the number of magnet layers reduces the d-axis
inductance L;. On the other hand. the g-axis inductance
L, is increased by adding more magnet layers. This means
that increasing the magnet layers increases L,-Ly. This
results in a greater reluctance torque generated in
response to more magnet layers. However, the value
shows little increase when using more magnet layers than
three. As more magnet layers are used, the width of flux
path on the g-axis becomes smaller between each layer.
This causes the magnetic saturation on the g- axis and
little increase of L,. Considering the increased cost of
more layers, the optimum rotor configuration is a double
layered magnet IPM motor.

d-axis

(¢) Three layer IPM (d) Ten layer IPM

Fig3 Rotor construction of muli-laver IPA{ motors.
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III. SeECIFIC

Fig. 5 shows a crc
motors constructed based on this

for the prototype
simulation. Table 2
constrnucted both a si

ATION OF A PROTOTYPE MOTOR
ss section diagram of the rotor core

shows the motor specifications. We
ngle layer and a double layer IPM to

compare performancg. Separating the embedded magnets
lengthwise at the rctor radius in the double layer IPM
created a g-axis magpet torque flux path. By adjusting the

dimensions of this ps

using the magnets ar|

q-axis flux

(b)
Fig. 5

Tab

th, the magnet flux can be controlled
d g-axis inductance.

[Double layer IPM motor.
Prototype motor configuration.

e 2. Motor Specifications.

3 phase /6
Rotor O.D.
Stator O.D
Stack Leng
Rated Volt
Maximum
Maximum
Magnet : E

poles / 27 slots

- 135.6 mm

:220.0 mm

tth : 135.0 mm

nge : 288V

Current : 250A

Power : 50 kW

r=1.1T, iHc=1990kA/m

IV. RESULTS AND DISCUSSIONS

A. Inductance and 1

orque Simulation

The d-axis inductance L, and g-axis inductance L, of

the prototype IPM
analysis and actual
results. The actua)
than the calculated
margin of error,

tendencies.

motor were calculated using FEM
measurements. Fig, 6 shows the
measurements are somewhat higher

results, but they are within 6 percent

and both rotor showed the same

The d-axis inductance Ly decreases in response to

increasing d-axis

current i; However the difference

between the two typps of rotors is slight.
The g-axis indudtance L, tends to decrease as q-axis
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current i, increases. Also the influence of magnetic
saturation appears clearly. The value of g-axis inductance
L, is greatest in the double-layer IPM. Fig. 7 shows a
flux distribution diagram of the magnetic flux when g-
axis current i, is applied. In comparing the two types,
the single-layer magnet rotor has a flux path only along
the magnet surfaces, but the double-layer magnet rotor
also has flux paths between the two magnet layers in
addition to smaller magnet surfaces. Because of this, L, is
greater with the double-layer magnets than with the
single-layer. Also, g-axis inductance L, is more easily
influenced by magnetic saturation, so L, decreases as the
g-axis current increases. When designing the IPM motor,
it is essential to fully consider the magnetic saturation of
g-axis inductance L,.

Fig. 8 shows resuits of torque simulation. The
maximum torque of the double-layer rotor is 10 percent
higher torque than the single-layer IPM.

With these results, we were able to confirm that the
inductance difference L,-L, relating to the occurrence of
reluctance torque is greater in the double-layer IPM.

wems=Singie Cal
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Fig. 6 The Calculated and measured L, and L;of the prototype motor.

(a) Single layer IPM
Fig. 7 Fluxdistribution ( ig= 2504, ig= 0A).

(b) Double layer IPM
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B. Motor performance Characteristics

Fig. 9 shows the comparison of Torque vs. Speed
characteristic of the prototype IPM motors. We were
able to confirm that the double-layer IPM had 10 percent
higher torque in the constant torque region. This is
because the reluctance torque was increased by separating
the magnets into two layers in the double layered IPM.

However, in the constant output power region, the
performance characteristics remained approximately the
same by using the field weakening control.

Fig. 10 shows a comparison of the efficiency of both
types. Because the torque is higher in the double-layer
IPM using the same current as the single-layer IPM, the
copper loss is reduced. This causes the efficiency curve
range is expanded at 90 percent. Also, over 97 percent
peak motor efficiency was achieved.
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Fig. 10  Efficiency curve of the prototype motors.

V.CONCLUSIONS

This paper presented what is the suitable rotor
configuration for the IPM motor for electric vehicle . We
also examined what rotor shape yields the maximum
reluctance torque with the condition that the magnet
volume remained the same. The double-layer IPM
motor increases q-axis inductance L, by 10% over the
single-layer IPM. As a result of efficiently utilizing the
reluctance torque in the double-layer IPM, motor torque
was increased by 10 percent, and the high efficiency drive
range was increased by 10 percent compared to the
single-layer motor.
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facility of north part of Yamanasi Maglev Test Line.

II. POWER SUPPLY SYSTEM

Fig.1 shows an outline of the power supply system of
Yamanashi Maglev Test Line.

The power supply system comprises the power
receiving system, the drive control system, the power
conversion system and the feeding system.

The drive control system controls the speed of the
vehicle and the stop position according to the running
pattern ordered from the traffic control system.

The power conversion system converts the power into
a variable frequency and a variable voltage, and supplies
the ground armature coils with the power through the
feeder and section switchgear.

The power conversion system receives electric power
at 154kV and converts it into the frequency (0-56.6Hz) and
into voltage (0-22kV) corresponding to the operation of
maglev trains.

The feeding system is a triplex feeding system, so the

power conversion system consists of three inverter units.
The propulsion coils are installed on both sides of the
is
connected to one inverter unit.
The section s on both sides of the track are laid out with
half section overlap. In this configuration , even if one of
the inverter units fails, the other two continue to operate
the vehicle.
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Fig.1 Power supply control system of Yamanashi Maglev Test Line
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M. DRIVE CONTROL SYSTEM
The drive control system is composed of the supervisor
of the driving control subsystem, the speed phase control
subsystem, and the switchgear control subsystem.

A. Supervisor of the driving control subsystem

The supervisor of the driving control subsystem is
responsible for mode setting and start-stop control of the
subsystem of the speed phase control and of the
switchgear control. Additionally, this subsystem provides
the man-machine interface and monitors the test data
and the journal.

B. Speed phase control subsystem
The speed phase control subsystem is composed of
the speed reference generation unit, the speed control
unit, and the phase synchronization control unit.
1) Speed reference generation unit

Traffic control system instructs a run curve to the drive
control system before the vehicle begins to run. When this
run-curve is received, the speed reference generation unit
produces a continuous position-speed curve that the
vehicle should follow.

The speed reference generation unit reads the speed
instruction value one by one corresponding to the vehicle
position coming from the running pattern table and
transmits them to the tracking control unit.

The block diagram of the speed reference generation

unit is shown in Fig.2.
2) Speed control unit
The speed control unit issues the current command to
the power conversion device as the speed instruction
value corresponding to a real speed of the vehicle.

Thecurrent command gives output at a rate of 10ms
cycle. The block diagram of the speed control unit is
shown in Fig.3.

3) Phase synchronization control unit

The phase synchronization control unit operates the
phase reforence from the vehicle position and the phase
signal from the position detection device, and outputs this
reference to the electric power conversion device.

The phase synchronization control unit corrects the
delay and the phase delay by a signal interface and an
internal processing in a phase advancing correction
process. The block diagram of phase synchronization
control unit is shown in Fig.4.

C. Switchgear control subsystem

The switchgear control subsystem does the making
and breaking control of the section switchgear so that the
ground armature coils feed power to the output of
inverter only in the section where a vehicle exists.

When the vehicle moves from one section to another
section, the switchgear control subsystem controls to
start and stop the inverter when the vehicle comes to an
adequate position.

Velocity,
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Location

1 i . .
Runcurv Runcur}v > ACCB. eration Jerk limiter Switch
generation limiter ’

[nstantaneous Speed
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generation signal

Startup runcurv
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Fig.2 BlockDIagram of the speed reference generation unit
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Fig.3 BlockDlagram of the speed control unit
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Iv. EQUIPMENT COMPOSITION OF ELECTRIC
POWER CONVERSION SYSTEM
The electric power conversion system is composed of
the converter, the inverter and the chopper, as illustrated
in Fig 5.

Inverter A
'—@
]l (D
Converter
Inverter B

——

Inberter C

= D

HUUL-

T

Converter

TT
-

] L

Phase mod|fying

_@—H_' equipment
es—(D -

Chopper

T

Fig.5 Powler conversion system

N

Fig.6 Powler conversion Substation

A. Converter
The converter Has a large capacity of 69MW and drives
the thyristor rectifier of 24-pulse type in parallel.
The filter and the phase modifying equipment of
50MVA are installpd to suppress a higher harmonic and a
reactive power flu¢tuation in the power supply system.

Fig.4 BlockDIagram of the phase synchronization control unit

Table 1. Specification of converter

Rated output capacity 6IMW
Rated output current 10,000A
Rated direct current +3,450V

input voltage

Main circuit composition | 3-phase bridge X 2steps X
2parallel
6,000V-2,5000A-light

triggered thyristor

Element used
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Element composition 2S1P X6-arms X 8-bridges

B. Inverter
1) Main circuit composition

The inverter is composed of three aspects in single
phase bridge, four steps of the pulse width modulation
and connects cascade in four steps with the output
transformer. Since the core of the output transformer is
saturated in the low speed section , the inverter drives in
the cascade connection of 1 step in a half bridge and 3
steps in a full bridge. It drives in the cascade connection
of four steps in a full bridge in the high-speed area. This
main circuit change is done with four composition
switches.

When the half bridge is operated, a balancer reactor is
installed between these arms to operate in parallel with
two arms.

When a direct current is included in the cutput voltage,
the core of the output transformer does a dc
magnetization. Therefore, the dc-magnetization
preventing control is controlled by using the current of
pilot reactors which are connected with the winding of the
output transformer in parallel.

2) PWM frequency v

The PWM frequency is 500Hz. A phase of each unit.
inverter carrier is shifted every 45 degrees. The
equivalent PWM frequency in the output current is 4kHz.

3) Transformer dc magnetization preventing control

The inverter output transformer is de-magnetized when
the dc components are produced in the inverter output
voltage.

Therefore, we

detect the flux of the inverter



transformer by a reactor current, called a pilot reactor,
connected in parallel with the primary winding. The dec
magnetization is detected by calculating the difference
between the peak pilot reactor current in positive cycles of
output current and that in negative cycles of output
current. The inverter output voltage is compensated to
cancel the dc magnetization.
4) EMF compensation

We have adopted compensation for the EMF voltage
drop to prevent current fluctuation. EMF compensation
values are calculated from the inverter output voltage
referenced and the detected values of inverter output
currents.

Table 2. Specification of PWM inverter

Rated output capacity 38MVA
Rated output current 960A
Rated output frequency 56.6Hz
Rated direct current +3,450V

input voltage

Main circuit composition | Single phase bridge X 3-

phases X 4 steps

Control method Pulse width modulation

Rated modulation 500Hz

frequency

Element used 4,500V-3,000A-GTO
thyristor

Element composition 481P X4 arms X 3-phase
X4 steps

IR = .
TT,@@—BH dotey (Vi W)
I
HE i€ asten
1] e
]
.
]
P L
R g% 1step
N T
neutral

Fig.8 External appearance of inverter
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C. Chopper
The chopper is a device to consume the regenerative

electric power from the vehicle by the resistor for the
regenerative braking. The chopper is composed of five
units in parallel to improve reliability. Even if one unit
breaks down in parallel, the rest in parallel continue to
operate.

When the converter before the inverter is operated is in
no-load-condition, this chopper consumes the electric
power for the stabilization of the dc voltage control.

Table 3. Specification of chopper
Rated output capacity 1MW
Rated direct current input | +3,550V A
voltage
Rated chopping frequency | 300Hz

Main circuit composition
Control method

5 parallels

Pulse width modulation

V. COOPERATIVE OPERATE OF
ELECTRIC POWER SUPPLY SYSTEM

Thyristor converter should flow several percent of the
rated current to avoid the interruption current under no
load. The chopper operates with this load.

When the converter is under light load, the converter
operates with only half of four of eight bridges.

Moreover, when the inverter supplies the electric
power and the converter load increases, the chopper is
stopped.

Thus, it is necessary to operate the inverter , the
converter and the chopper according to the load. These
devices have each electric power characteristic and are
operated independently of each other.

Fig.9 shows the chopper operating characteristic.

dc voltage
regenerative braking T
N *
power running
power running
T
constant volltage ﬁ/
. . :f
characteristic
: | regenerative
~ : ki
resistance , 5 / braking
characteristic ™ _///
< chopper current 0

Fig.9 Chopper drive characteristic




VI. TEST RESULTS AT THE COIL LOAD
Figure 10 shows the operating characteristics of the
inverter at the coil lpad.

Inverter
Output voltageU,V.W
15k Vidiv

Inverter
Output current U
400A/div

Output current V
400A/div

Output current W
400A/div

Pilot reactor current Ul _
Pilot reactor current U2 _|

Pilot reactor current U3 -

Pilot reactor current U4
5A/div

Deviation of P-axis

Deviation of Q-axis aVWMWMWWWWWWWWWWW

Fig.10 Operating characteristics of inverter
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1. INTRODUCTION

ev test line in Japan, the running tests
April 3 1997. At this test line, 2 groups
/stems are required, because 2 vehicles
e time. The power conversion system
iving a vehicle of 3 sections consists

of a 33MW GTO PWM converter and three 20MVA GTO
VVVF PWM invertes[2]. The specification of this inverter

is shown in Table 1.

Table 1 Specification of the Inverter

Capacity 2
DC Voltage &
AC Voltage 1
AC Current ]
Frequency (
Connection F
Bridge arm ¢
Carrier /

OMVA

250V

1kV

015A

~46. 3 (Rating f=41.2Hz)
ull-Bridge X 3stages X3 ¢
S—-1P-4A (4. 5kV-4kA GTO)
synchronous 300Hz

0-7803-3823-5/97/31¢
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Compare with the conventional ac motor drive system, this
system has some particular characteristics. For example, this
system is to take charge of the LSM coils with long feeder
cable, to have very large capacity and to generate very low
frequency.

In this paper, we describe three problems caused by these
characteristics, the solutions of them and the results of these
solutions.

2. HP-FILTER FOR EQUALIZING 1.SM LOAD IMPEDANCE

The load impedance of LSM with long feeder cable (10 to
20km) has some resonant peaks in the audio frequency.
Such resonant peaks affect the current control performance
and stability.

To examine the characteristic of this load impedance, we
simulated step response of this load circuit assumed single
phase model as shown in Fig.1-(1).

The result is shown in Fig.2-(1). As in Fig.2(1), about
2kHz ripples add on the ramp wave. So, this load impedance
has remarkable resonant peak around 2kHz.

In the high frequency operation (described later), this
inverter generates around the 6th (full-bridge X 3stage) order
carrier harmonics, 1800Hz. These harmonics may resonate
with this load circuit.

Therefore, we decided to install the HP-filter tuned to
compensate the resonant characteristics of this load circuit at
the output of the inverter as shown in Fig.1-(2).

We simulated step response of the load circuit with this
HP-filter again.

The result is shown in Fig.2-(2). As in Fig.2+(2), the ripples
are almost suppressed.

PCC-Nagaoka '97
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Fig.2-(1) Step response of model circuit
3. RIPPLE REDUCTION CONTROL

For this inverter, the number of composed full-bridges are 3
per 1 phase and series connected GTOs are 3 as shown in
Fig.3. In the high frequency operation, the construction
switch SWHI1,SWH2 are close and SWL1,SWL2 are open.
In this operation, the inverter construction is symmetric 5o
that the harmonics around the carrier frequency are
suppressed by the conventional PWM multiplication with
carrier phase shift.

SRREIIX I
0 ‘Ly Ht
y Tt 15

............ 143

Fig.3 Circuit configuration of inverter

v feeder cable (CVQ)

LSM
coils

) —
® Hp- vi!)v )
filter

® - 1
4

Fig.1-(2) LSM model circuit assumed single phase
with HP-filter
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Fig.2-(2) Step response of model circuit with HP-filter

In the low frequency operation, the construction of the
inverter is changed as SWHI1,SWH2 are open and
SWL1,SWL2 are closed and the 1st step inverter is operated
as half-bridge. The half-bridge shares the output voltage less
than its saturate level and the full-bridges share the rest to
minimize the flux of the transformer. Fig.4 shows the each
shared voltage in the low frequency operation.

When the 1st step inverter is fully shared the dc part of the
output voltage and the other full-bridge inverters are shared
the other part (the B area on Fig.4), the harmonics’ around
the second order carrier frequency caused by the full-bridge

-A <A»—2B < A-
OQutput . N\ §
VOItage E E \\\\\\hﬂ///;;7
1st /" N E ;
step : CN Y/
2nd i : :
step T 5
3rd L I :
step S~

Fig.4 The share of voltage in the low frequency operation
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inverter with carrier phase shift. But when the half-bridge is
shared all of the output voltage (the A area on Fig4), the
harmonics around the| carrier frequency caused by the half-

bridge come to the surface.

So that, the novel PWM control called "Ripple Reduction

Control" is developed|[ft].

In this contrel, the full-bridges act as a kind of an active
filter and the harmorlics around the lowest and/or second
order carrier frequency caused by the half-bridge is

suppressed.

Here, we describe about the ripple reduction control using
only the 2nd step full-hridge inverter. Fig.5 shows the idea of
this control, where S| is the carrier wave of the st step
inverter, C1 is the mpodulating signal, V1 is the output
voltage of the 1st step inverter. The output voltage of 2nd
step full-bridge invert¢r V2 is made to cancel the one of the
carrier harmonic components of the V1. In addition, V2 is
made to be that the average of V2 for one cycle of the carrier
frequency is zero. Thus, the harmonics around the lowest

order carrier frequency fc(=300Hz) is suppressed.
In similar ways, the

ripple reduction contro! using the 2nd

and 3rd step full-bridgies suppress the harmonics around the
lowest and second orger carrier frequency fc(=300Hz) and

2fc(=600Hz).

Fig.6 shows the meagured frequency spectrum of the output
voltage in voltage-gengrate mode (3,790V 20Hz) without the
ripple reduction contiol (Fig.6-(1)), with it using only the
2nd step full-bridge (Fig.6-(2)) and with it using the 2nd and

3rd step full-bridges (¥ig.6-(3)).

As shown in Fig.6-(1), the harmonics around the lowest
and second order camrier frequency fc(=300Hz) and 2fc

(=600Hz) appear. Ag

shown in Fig.6+(2), the harmonics

around the fc disagpear. As shown in Fig6-(3), the

harmonics around the ffc and 2fc disappear.

4, COMMON-MODE REACTOR

The zero sequence
feeder cable like the

line nearby,

So that, the commonF-mode reactor(X=2pu, m=0.99)
is installed at the output of the inverter. The reactor
has large common-m¢de impedance but the rating at
the fundamental frequency is only 1%.

To verify the performance of this reactor and to
decide the parameters, we simulated by the model of
this circuit as shown in Fig.7, where Ig is the ground
current as represent of|inductive interference.

harmonics of the inverter with long
Yamanashi Maglev Test Line may
cause the inductive inpterference on the telecommunication

Fi

ﬂ V2
0 .-

Fig.5 Ripple reduction control
0dbVr=19. 6kVrms

Frequency (kHz)

\/v
fe 2fc

Fig.6-(1) Spectrum of output voltage without

ripple reduction control
0dbVr=19. 6kVrms

Frequency (kHz) A
Fig.6-(2) Spectrum of output voltage with

ripple reduction control using 2nd step inverter
0dbVr=19. 6kVrms

Seoovsacssboressrneet

Frequency (kHz)
Fig.6(3) Spectrum of output voltage with
ripple reduction contro! using 2nd and 3rd step inverter

g.8 shows the calculated waveforms and the frequency

spectrum of Ig without and with the common-mode reactor.
(INV output: 30Hz, 1015A)

coamon-mode

resctor feeder cable (CVQ)

v
v
P £ ) —
I [V == Rp- vm LSK
oulped [T = filter ui L coils
] T 1y
H ie
Fig.7 LSM model circuit with the common-mode reactor
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As shown in Fig.8, the noises are clearly suppressed.

The results of equivalent interference current Jp that is
calculated from harmonics 300 to 3200 Hz are shown in
Table 2. As in Table 2, the Jp is suppressed to less than 5%
with the common-mode reactor.

Table 2 The equivalent interference current Jp

without reactor Jp=24.9A
with reactor Jp=1. 16A
300~3200Hz

5. CONCLUSION

We have installed the HP-filter at the output of the
inverter to equalize the load impedance of LSM with long
feeder cable. We have developed the novel PWM control
called "Ripple Reduction Control" to suppress the harmonics
in low frequency operation and confirmed the effect of this
control. We have installed the common-mode reactor at
output of the inverter to suppress the zero sequence
harmonics of the inverter.

We will continue to verify the effects of these harmonics
controls at real-load operation during the magnetic levitation
test.

Part of this work is financially supported by the Japanese
Government.
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. INTRODUCTION

When three phase traction was applied first to electric
railway vehicles, many people expected higher adhesion
performance than that in the case of d.c. traction, because
of the steep torquefvelocity characteristics peculiar to
asynchronous motors. It is proved, however, that to
accomplish it satisfactority we have some questions to
be solved. Railway tompanies require optimal readheive
characteristics adapted to each application such as
commuter trains, limited express electric multiple units,
locomotives, etc.

We investigated re
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If we succeed in petting a train velocity and making
an inverter frequency by using it, a greater slip than slip
frequency of the motors cannot occur. And the smaller
the slip velocity is, the more easily we can make the
wheel readhere. To|get good readhesion characteristics
we think that detection of wheel velocities is very
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Il . AUTOMATIOC CURRENT CONTROL
SPURS WHEEL SLIP

When the three phase drive with PWM inverter and
asynchronous motors was first introduced for railway
application, running tests have proved that a slip of one
axle provokes slips of other axles in the case of 1C4M
(one PWM inverter feeds 4 traction motors of one
motor coach) and of an automatic current control that is
dominant in emus with three phase traction. We think it
is because traction motor current of a slipping axle
decreases and the current order(i.e. slip frequency)
increases due to the Automatic Current Regulator (ACR)
which raises the torques of the traction motors of adhering
wheels and stimulates slips. As soon as all axles
corresponding to one inverter begin to slip, the reference
speed is lost, which accelerates slips compounded with
the effect of the automatic current regulator®* So slip
detection and readhesion control have become inevitable
and much effort has been done to improve the readhesive
characteristics of electric motor vehicles? 5,

Il . HOW TO GET ACCURATE WHEEL VELOCITIES

Conventional way to detect train velocity is to calculate
pulses of a speed sensor installed at one end of the
wheel axle or traction motor axle. In railway application
usually it is very difficult to realise a sensor with as
many pulses per rotation as the encoder has in other
industrial applications. So we have used an average
pulse width calculating method since several years ago
7.8, We think use of this method is inevitable for

detection of small slips and readhesion control. From our
experience we propose the calculation in Table 1. It can

Table 1. Method of velocity/acceleration calcuration
for anti-slip/slide detection

Velocity average pulse width calculation of
pulses in a sampling time

sampling time: 100ms
timer of pulse width counting: 100kHz

renewal of velocity: every 25ms

acceleration calculate from velocity difference

btw. latest one and one 100ms before

PCC-Nagaoka '97



Traction Coefficient f (%)

be proved that errors of calculated acceleration become
minimum when time interval of acceleration equals to
that of velocity calculation.

V. SLIP VELOCITY CONTROL

Slip velocity control that keeps slip velocity at the
reference value is described in [9, 10]. In this case the
reference slip velocity is given as a linear function of
vehicle velocity and the slip velocity controller is formed
by feeding back a real value of slip velocity. They state
that step response time of torque must be very' fast such
as Sms, so a field-oriented control of traction motors is
needed'!. The reference slip velocity is obtained real-
time by searching for an optimal slip velocity!!-!>13.14,

We intend to solve the problem of adding readhesion
characteristics to all torque-controllable electric motor

< Niigata STAR 21 (Type 953)

No.10

Car

Water ™
target axle
Fig2. Tested vehicles of STAR21 train

309.3km/h

No.7 axle
velocity

/

No.8 #»
Nogg gkm/h

2sec.
by

vehicles more easily and propose the following method. No.7 T.motor

(1)From test results analysis we always get maximum Current W
adhesion force with wheel slip velocity smaller than 1-2km/

h. So we propose to keep slip/slide velocity within these Fig 3. Running test

values. results of STAR21 L100A No.8 7
(2)We get axle velocities with above mentioned method. (DEC. 8th '93)

Here we call a minimum/maximum value of 4 or more axle

velocities in time of powering/braking a

pseudo train velocity (or a reference inverter control unit for No.7 and No.8 axles

velocity) and the difference of axle Notch [F == == == g = —o = == o = — — — — — o
velocity from pseudo train velocity a l | current + current | |inverter frequency] [PWM |
pseudo slip velocity. I pattern gen. T control calculation - pattern gen. T) output
(3)We detect a small pseudo slip/slide

velocity using the threshold level of ! — >+ |
within 1km/h for example. frequency |
(4)Then we reduce the torque of the —_t—_———————_— e e — —— -
relevant traction motor. The current  Puls generator

reduction takes place in steps proportional ~ signals —control testerft

to the pseudo slip of the axle. No.7"10

Our proposed readhesion control has the
following advantages.
(1)Detection of small slip/slide minimizes

0 1 2 3 4 5 6 7 8 9

Slip Velocity (axle 1) (km/h)

Fig 1. An example of traction coeffient of shinkansen train
(powering, water spayed on rail)
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Fig 4. Control tester and inverter control unit

Table 2. Comparison of Control
of inverter and control tester

controller of the inverter
No.7,9,10 axle

control tester (our proposal )
No.8 axle

short time velocity velocity detection using 100ms

detection (Sms) and filtering| interval renewal every 25ms
current reduction current reduction in accordance

flollowing fixed pattern with slip velocity and acceleration

torque reduction required for readhesion.
(2)By detection of small slip and prevention of large slip we

can avoid losing a train velocity :the reference velocity
follows well the train velocity.



(3)This practical methpd of readhesion control can apply both
conventional slip frequency control and vector control.

recommend such a design that control circuit does not
promote slip/slide phenomena when slip/slide occurs.

Because slip phenoména do not change so fast if we succeed
in keeping slip velocity at a small value.

(4)Aimost all elects
substantially aggrav

ic motor vehicles have ACR that
ates readhesion characteristics. We

o ey s

!
!

But it is not necessary, because the following running test
was performed without changing the Automatic Current
Regulator and we got good results.

V . TEST RESULTS WITH STAR21 SHINKANSEN TRAIN

244

K : 245K

SERR
i

Fig 5. First steg

g

current order

= JUL

test results of STAR21(control applied to 8th wheel)

traction motor currenl———

No.7

No.9

No.10
JALTE LS

Fig 6. Test results of STAR21
(Readhesion control with adhesion prediction applied to 7th and 8th axles)
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We performed running tests with STAR21
Shinkansen train. At first step we measured axle
velocities of STAR21 with water spayed on rail.
From Fig.3 we can see relative large slips and large
traction motor current reductions.

To make on-board optimization process faster
we installed a "Control Tester" between master
controller and controller of inverter, The control
tester detects wheel slip and issues the current
reducing order to the controller of the inverter.
Control parameter can be changed directly from
a keyboard of the control tester.

No.8 axle of Fig3 shows a result of running
tests of proposed readhesion control in 1994. We
succeeded in keeping both smaller slip and
higher traction motor current than in the
conventional case of the controller of the
inverter(No.10 axle).

However, we found that frequent repetition of
slip-readhesion and large fluctuaion of traction
motors occur at bad wheel-rail
condition or when adhesion force
is much lower than the tractive
effort determined by traction
motor current.

We introduced a learning control
using adhesion prediction.
Difference in force between
tractive effort and adhesion
force(=traction force) causes
acceleration of axle. So adhesion
force fa can be predicted by

fa=ft-K* a
Jt i tractive effort
K : constant (rotational inertia)
o : axle acceleration

No.7, 8 axle of Fig 6 shows a
test result of our new proposal.
We succeed in stopping slip-
readhesion reiteration and in
keeping traction motor current
much more stable.

new proposal

controller of

VI. CONCLUSIONS
As a practical method of
readhesion control for electric
motor vehicles with three phase
drive, we recommended such a
design that control circuit does

the inverter



not promote slip/slide phenomena of wheel when a slip/
slide occurs, by using an Automatic Current Regulator
which does not respond to traction motor velocity
variation due to slip, and by using the lowest velocity
of all motor axles as a reference frequency value of
inverters feedig asynchronous traction motors. And we
propose detection of a small pseudo slip, a slight
reduction of traction motor current in time of the
detection and online adhesion prediction. Running tests
results show the effectiveness of our proposed readhesion
control.
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This paper describes development and test results

of the creep control with speed observer .This
system applies vector control for guide torque
responses, and performs good re-adhesion. The
concept of this control and the contents of the
algorithm used for it are also described.

II. Concept for re-adhesion control

The traction inverter circuits for individual control
of the motors on commuter trains are shown in
g, 1.

The maximum power of each induction motor is
220 kW , and the expected adhesion coefficient is'17
to 20% depending on the rail conditions.

Tty

Traction
force

Motor torqu courve ¥hes! slip

Fig. 2 Traction force between wheel and rail

PCC-Nagaoka '97



In the conventional cases, traction inverters are
controlled by the rotor slip frequency method, that
is, the value of Voltage/Frequency and the motor
current are control to be constant.

Since the secondary magnetic flux phase of the
motor is not directly controlled in this method, it
takes nearly 100 ms to settle the transient condition.
This makes it difficult to control the motor torque
quickly. It is necessary to obtain the optimum
tractive power when the rotor slip changes sharply,
because of the characteristics of the traction
transmitted from the wheels to the rails and the
slip ratio shown in Fig. 2. That is, even if the re-
adhesion control speed would be increased, the
actual torque cannot follow it. To overcome this
problem, stepped control is employed to judge slip
by watching acceleration the change rate of the
wheel speed and reducing the motor current as
shown in Fig. 3.

If the vector control described in the referenced
paper [2] and shown in Fig. 4 is employed, the
response time of the motor torque to the re-
adhesion reference value becomes as short as 10 ms.
The difference of these systems in step response is
shown in Fig. 5.

Since a quick response is obtained by this method,
the torque on the wet rail can be controlled
continuously in the creep range in Fig. 2.
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Fig. 4 Vector control for electric cars
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The re-adhesion| algorithm for implementing this
method is the speed observer type of creep control.
The concept of this control is shown in Fig. 6.

The slip speed |and torque with changes of the
adhesion coefficient simulated by this method are
shown in Fig. 7. In this figure, results of the
conventional rotor slip frequency control method
are also shown for comparison. By the proposed
control system, the maximum usable tractive power
reaches approximately equal to the motor torque,
according to the slip ratio under the adhesion limit
in the creep range. The conventional control
system , however, repeats so-called slip and re-
adhesion in the slip range.

Toraue command

Creen speed from ceb

Wheel speed

Estimative vehip
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JFig.6 Creep control block
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Fig.B8 Re-adhesion control block
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Fig.5 Response time for vector control and slip frequency control

III. Function of creep control with speed observer

The details of the creep control with speed
observer and its concept , as shown in Fig. 8, are
explained below.

The general configuration of the re-adhesion
control implemented here is shown in Fig. 8. The
overall control consists of creep control, estirated
traction force control, oscillation suppress control ,
all wheel slip suppression control. The operation
principle and configuration of each  control
function are explained below. The method used to
solve the problems that occurred in the field
running test is also explained.
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A. Speed observer

Detection of the slip speed is essential to the
creep control. We call the slip speed is as the
difference between the wheel speed and vehicle
speed. The wheel speed can be conventionally
measured with a motor shaft speed sensor. A
vehicle speed sensor , however, cannot easily be
installed in the conventional systems, and it is
required to estimate from several motor shaft
sensor signals.

Since four motors are installed within a motor
car, the individual control system estimates the
vehicle speed from the respective speeds of those
motors. The vehicle speed is estimated on the
basis of the lowest speed of the four motors (in the
powering mode), considering the inertia of the
vehicle.

Block of estimation of vehicle speed is shown in
fig. 9 and vehicle speed data is shown in fig. 10.

B. Estimation of traction force control

When the adhesion force is evenly lowered
through the track, for example by rainy condition,
the slip control can be stabilized by lowering the
torque command in advance, as is known from
experience. The question in this case is how much
the torque command should be lowered. When
creep control is applied, the motor torque
automatically move to the balanced point with the
adhesion force of the rail, thus the adhesion force
on the rail can be estimated. In the estimated
traction force control, the torque is determined , in
advance , according to the torque reduction by
creep control.

Running test data are shown in Fig. 15.

C. All axle slip suppress control

Since the vehicle speed is estimated from the
four wheel axles, if all of those axles slip at the
same time on a rainy day, for example, then the
estimated vehicle speed gradually deviates from
the true speed.

All axle slip is suppressed by detecting

it. and lowering the torque properly. The sign
used to detect all axle slip is the fact that the slip
speed does not become zero for a certain period.
When this is detected, the torque is reduced
slightly according to a set reference value. Since
the motor torque and adhesion torque are almost
balanced with each other by the creep control, the
slip speed can be set to zero by lowering the
torque slightly. As a result, all axle slip, by which
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the vehicle speed is lost, can be minimized.
D. Oscillation suppress

If the response of the creep control is increased so
that the motor torque follows the change of the rail
condition, the bogies drive system resonate at about
10 Hz, and passenger is uncomfortable and the
average transmitted torque is reduced because of
the oscillation of the torque and bogie.

This oscillation can be reduced even in the high
response mode of the creep control by detecting the
oscillation of the motor speed compensating (lead
and lag is shown in fig.12), and lowering the
torque .

Estimated vehicle speed
Gorrection of estimated value

wrl

Minimun value select

Fig. 9 Block diagram of estimation of vehicle speed

4 0.3km/h

500ms

Fig. 10 Estimation of vehicle speed

deor | dTroALL
——f Hom

Slip el

speed

Fig. 11 All axle slip suppress control

Compensation of lead and lag

e 0] g4

1+Ts

Fig. 12 Oscillation suppers control block
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E. Optimization of{creep control

The motor torque|for the creep control must be set
so that it follows the maximum values of adhesion

torque.

We did not have suitable data, however,

at what slip spded the maximum torque was

obtained.
Therefore, meast
relationship betw:
force by changing
control as shown 1

An example mea
14.  According t(
becomes maximur

~ 0.3 km/h.

wrement was took place the
ren the slip speed and traction
the motor torque for the creep
n Fig. 13.

surement result is shown in Fig.
this figure, the traction force
n value when the slip speed is 0.1

IV. Confirmation pf effects by field running test of

actual cars

We tested the cx

eep control with speed observers

which wuses wvector control by actual train.
Simultaneously conventional slip frequency control
by detection of motor wheel acceleration is also
tested by the same train for comparison.

As shown in Table 1, the control result in two
cases for different cars and tracks are compared.
Typical running test data applying the vector

control and the

slip frequency control obtained

with water sprayed rails on a gradient are shown in
Fig.16 and Fig. 17 respectively.

The results of jadhesion performance evaluation
are shown in Table 1.

V. Conclusions

The developgd re-adhesion control has the

following effects.

The adhesion gerformance is improved by about

20%.

Continuous control in the creep range becomes

possible.

Oscillating torq
and re-adhesion
reduced to nearl

We expect that

ue fluctuation caused by wheel slip
control during acceleration, is
y half.

the vector control for electric cars

is the most suitable control method for traction

inverters . The ¢
proposed in this
control method.

peed observer type creep control,
paper will replace the conventional
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Table 1 The result of running test

test Expected Motor Average Water slip Gradient Average Average Forward
case adhesion current acceleration | splashing speed in % motor acceleratio and
coefficient in dry dry rate current in n wet backward
condjtion condition wet condition movement
condition in wet state
vCi 21% 175A 1.3 km/h/s 1.5 0.4~0.Tkm/h 3.5 120A 091kmm/s |  eemeeee-
SFC1 21% 175A 1.3 km/h/s Vmin. 7~8km/h 9bA 0.84km/h/s 0.08g
vC2 18% 140A 2.3 km/th/s 3.0 0.7~1.0km/h level 120A 2.07kmlhis 0.03g
SFC2 18% 140A 2.3 km/h/s Ymin, | ceevccccmmannees 100A 1.94km/h/s 0.08g

VC1,VC2 : Vectrol control SFC1 ,8FC2: Slip frequency control
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(1000A/div) . - ~
RMS Current (200A/div) _j :
Torque Current Ref. 1 : .

(200A/div)

Torque Current 1 :
Torque Current 2 :—/ﬁ"‘
Torque Current 3 —A

Torque Current Patternd |~ V45 :
Torque Current 4 .T/ i

P“

Motor 1 Speed

Motor 2 Speed

Motor 3 Speed

Motor 4 Speed Jerk
Estimated (0. 26/div)

Yehicle Speed N T

(SHz/div) Notch k. -
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Line Voltage _.E
FC Voitage !
Input Currant -
(1000A/div) “71
Phase Current AN
(1000A/div) -~ - :
RMS Current (200A/div) 77, .. SRS AADA o AP A £ T s
Torque Current Patternt R Pl
(200A/div) j
Torque Current |
Torque Current 2 TN\ Y
Torque Current 3
Torque Current Patternd
Torque Current 4

)
+
'
i
{3

Motor { Speed
Motor 2 Speed
Motor 3 Speed

Jork 0.03G

ielbo / .' o

Motor 4 Specd Jork

Estimated (0.26/div) = ‘

Vehicle Speed e — - A - " 1
(SH2/div) Notch T e —— A :
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Electromagnetic interference for the signalling system has
a danger to fail the train control signals like positions, or
speed.

2. SUPPRESION OF PWM CONVERTERS
HARMONICS BY VARIOUS METHODS

There are many different methods to suppress the
harmonic currents.
To avoid big amplitude of the harmonic currents, the
converters are operated with different PWM phase angles.
But from the principle of switching, it is inevitable to
produce harmonic flux components in the transformer.
The casiest solution is to use harmonic passive filter
composed by series inductor, relatively big capacitor and
damping resistor. But this method has problems that the
weight will be quite big. Should the resonance condition
change, the harmonics elimination effect is lost.
Using three level converters is another solution. The effective
switching frequency is then doubled, and the individual
voltage steps of the switching are reduced to one half. But
the penalty is that the number of power semiconductor
devices doubles. There remains still higher frequency
harmonics, and the cost and the complexity increase.
Another proposal is adaptive PWM modulation. The
prevailing resonance conditions in the line are identified in
a real-time process. This method needs a good identification.
Active Filter installation is a further choice. A PWM
converters operates at a very high frequency range, forming
part of the closed loop control system with the fundamental
load current or voltages as the reference. This method
transfers the harmonics of the traction converter to a higher
frequency range, which is determined by the switching rate
of the compensating converter.
To overcome these problems, a novel method has been
proposed, which eliminates the undesired converter
harmonics completely[1]. The principle used here is
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feedforward waveform compensation. The compensator can
be designed as an addition to the power conversion system
of an existing AC vehicle with main transformer and PWM
converters.

Experiment have been presented in[1] using 16 **Hz supply.
This paper describes the experimental results for a small
model of Japanese AC railway vehicles using 50Hz feeding
frequency which means 3 times larger than that in Germany.
It opens the possibility to apply this novel method to any
50Hz fed PWM controlled AC railway vehicle.

3. CONFIGURATION OF SHINKANSEN EMU

In the actual vehicles, for example, the configuration of
the "Star21(type 952)" test train is shown in Fig. 1. This
series train uses 4 PWM converters and 2 DC link voltage
circuits, and each DC link has 4 pararell induction motors,
which means eight traction motors for one main transformer.
Secondary side of the transformer is divided into 4 windings
for traction and one winding for service power supply such
as internal lighting, air conditioning, and control circuits.
The total power is 3,080kW, and the line voltage is 25kV,
50Hz.

Four pararell converters are operated at the different PWM
angles as 0, 90, 22.5, 112.5 degrees in order to avoid
signalling frequeny interference, while in general, it will
be supposed to be 0, 90, 45, 135 degrees. Under the 0, 90,
45, 135 degrees PWM phase differnce condition, the
equivalent traction converter voltage, defined as a sum of

AC 25,000[V], 50Hz
? 2nd: AC 984[V], 781[A]

IR EYETE:
DC 2,100[ V], 696[A]
Cd = 16,343[uF]

5 IRETETE

INV: 3phase AC 1,620[V]
616[A], 0-220[Hz]

TL

e

EL L

| IM: 300[kW] * 8

Fig. 1. Traction circuit of the “STAR21” Shinkansen Test train
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the switching functions like +1, 0, -1, is shown in Fig. 2.

Fig. 2 shows a 9 stepped ac waveform Ut, acting as the
counter emf of the traction converters to the line voltage.
The number of the step changes in accordance with the
amplitude reference of PWM wave production. The number
of PWM pulses in a synchronized period is 9, which makes
subharmonics both side around 50Hz * 9 pulses * 2 = 900Hz
on the mmf in main transformer. 2 converters operated at
the same time with 0 and 90 degrees PWM switching angles
eliminate this frequency but emit subharmonics at both sides
around the double frequency, 1,800Hz. Furthermore, four
PWM converters operated at 0, 90, 45, 135 degrees emit

subharmonics at both sides around 3,600Hz.

Fig. 2. Equivalent traction converter voltage

4. HARMONIC COMPENSATION BY
CoUNTER MMF SUPERPOSITION METHOD

From the above consideration, the harmonic compensator
has to emit the counter voltage against the value of the
subtract the sinusoidal voltage from the equivalent voltage.
The novel concept of the harmonic compensator eliminates
the distortion of the line current by injecting the inverse of
the harmonic current waveform into an auxiliary winding
of the main transformer. The harmonic compensator must
produce the oppsite waveform which is subtracted
fundamental sinusoidal wave from the sum of the switching
function. This waveform is shown in Fig. 3.

Time

Fig.3. Compensating voltage from harmonic compensator
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Fig. 4. Harmonic Compensator configuration
(Phisical values are diermined by Computer simulation)

To realize the harmonic compensation voltage, the
compensator circuit is configurated like Fig. 4. This
compensation voltage can be decomposed into a pulsed
rectangular waveform Ubl and a piecewise sinusoidal
voltage Ub2, shown in Fig. 5. Bridge B2 is switched as
shwon in Fig. 6, fiom which the particular voltage and
current waveforms result.
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Ub2 04
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udd ¥ E TS

&
747t
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5
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Fig. 5. Decomposed Compensator Voltage

5. CONTROL DF HARMONIC COMPENSATOR

The practical implementation of the compensator control
is based only on the feedforward switching and not event-
orirnted, in order tp avoid the pulse displacement by the
parameter changes on the capacitors. The control opertaion
is described below:
The basic switching pattern of bridge B1 is derived from
the switching sequence of the traction converters.

The bridge B2 switching pattern is based on the calculation
from the nominal ginusoidal reference waveform for the
PWM converters.
The switchin pattern is shown in Fig. 7.

6. DESIGN off the HARMONIC COMPENSATOR

The most impor}Fant design problem is how to set the
system parameters like leakage inductance of the transformer
winding for the haﬂrmonic compensator. The capacitances
C1, Cd and C2. C1 and C2 are selected as the same, and
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Cd is relatively big.
Other parameters are choosen based on a numerical
simulation on the computer.
From this simulation the parameters are set as below:
C1 = C2 = 300[uF], Cd = 50[mF],
Lt=0.1394[mH], Lh=4.0[mH], Rh=0.5[ohm]

7. CONFIGURATION of the EXPERIMENTAL SYSTEM

In order to prove to the possibilty to apply the method to

AC railway vehicles using 50Hz feeding frequency which
means 3 times larger than that in Germany, the experiment
system was produced by ourselves. As we cannot test the
whole power ciucuits same as the real vehicles, a small model
experiment system was made.
The ratio is 1/10 voltage and 1/50 current, which means 5/
1 impedances and 1/500 electric power. Fig. 8 shows the
configuration of the experimental system. Parameters are
calculated from the result of the simulation.

The control components are:
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CPU board(Pentium 90MHz) on the IBM PC
Bus changer from ISA_bus
I/0 interface(12bit A/D, 12bit D/A, FIFO,
variable INTERRUPT with 10MHz clock)
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Fig .8. Configuration of experimental system
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Control sequence(by software) is:
Interrapt in every 200[psec]
and read the data such as voltage and current
Synchronization by software PLL
Amplitude and Phase detection by DFT
for the fundamental frequency
Regulation of DC voltage and AC phase between
voltage and current by PI_compensation
PWM amplitude and phase setting
PWM timing calculation by Newton Method
Timing calculation by software sorting and set the
compensation data(timing and switching
function) to pararell FIFOs

In this implementaion, timing calcurations of B2 are
completely feedforward method and not event-orientd, while
the former method[1] is event-oriented based on measuring
the voltage of C2. Event-oriented method shows to
compensate the amplitude displacement by the changing
load conditions, but the penalty appears in the switching
frequency of the compensator itself because the switching
timing displacement with the equivalent converter voltage
occurs enevitably. This completely feed forward switching
employed here is derived from the amplitude of the PLL
synchronized sinusoidal signal by the step of 1/8 maximum
values.

This method does not require measuring the capacitor
voltages Ucd and Uc2.

A compromise had to be made in the design of the
experimental set-up since the equivalent of a single five-
winding transformer was not available. Instead, there were
five separate transformers used, as shown in Fig. 8. A
cancellation of the harmonic flux componets cannot be
achieved in this arrangement. Also, the electrical data of
the four transformers were not identical. More specifically:
they did not have the required value of leakage inductance.
As an improvement, additional inductors were inserted in
series to the secondary winding as shown in Fig. 8.

Nevertheless, the requierd symmetry was not suffucient
obtained.

8. EXPERIMENTAL RESULT

The experimental results were compared in the time
domain and frequency domain, both without and with
harmonic compensator.
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Especially the current harmonics in the signalling band 3-
00 10 20 36 40 50 60 70 80 90 100

4kHz are marvellously reduced by about 10dB. The
performance is shown in Fig. 9 and Fig. 10.

Moreover, above 4kHz frequency, the power spectrum
density is decreased and there are no more harmonics by
the switching, while the harmonics by switching in the
higher frequency increase usually by normal active filters.
This point is quite iraportant and specific for this type of
harmonic compensator.

The result could have been much better if the main
transformer used iri the experiments were adequately
designed. This point was discussed in Section 7.

Another degradation of quality of the experimental results
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Power spectrum : 12dB/div Frequency : kHz

With harmonic compensation

Fig. 10. Power spectrum of total secondary current

experimental result

is owed to some design problem of the current control sysiem
of the converter unit. Unnecessary noise was generated by
the current controlers, and the current waveforms could not
reach a complete steady-state. This noise generates
additional current harmonics in the frequency range from 0
- 1 kHz.



9. IMPORTANT DESIGN ISSUES

From the result of the experiment, the most important point
is that the four leakage inductances of the main transformer
must be the same in good accuracy.

In order to realize the complete compensaion, it is quite
important to make four leakage inductance of each
transformer precisely the same.

In Figure 10, without and with compensator seems to have
the same spectrum in the lower frequency, around 0.9kHz
sideband harmonics and around 1.8kHz sideband harmonics.
They still remain because of the unbalance of the leakage
inductances in the four main transformers, and because
separate transformers were used instead of a single
transformer as described in Section 7. As a cosequence, the
harmonic spectrum of the equivalent line current of the
traction system exhibits imperfect harmonic cancellation.
Due to the deiciencies of the main transformer used in the
experiment, the best combination in tuning the four leakage
inductances resulted in the waveforms shown in Fig. 9.
The unbalance of the leakage inductances causes the
distortion of the total current of the four converters, which
reduces the compensating effect even if the compensator
operates at exact timing of its switching instants.

So the above harmonics spectrum is expected to improve
significance by a good choice of the values of the leakage
inductances.

10. CONCLUSION

Experimental proof of the performance of the novel
harmonic compensator was given.
The scale down mode] of Japanese AC railway vehicles using
50Hz feeding frequency which means 3 times larger than
that in Germany is built from the parameter consideration
based on the numerical simulation.
The control method of the harmonic compensator is
completely feedforward and not event-driven.
Experimental results show especially 3-4kHz for signalling
band harmonic current is quite well suppressed as over 10dB.
The point to apply this method lies on the well choosen
leakage inductances of the main transformer. Of such
procedures are made, the harmonic compensation effect will
be much the better, as the former result for 16 2/3Hz like
30dB in [1].
From the result, this novel compensating method has a great
possibility to be applied on to any S0Hz fed PWM controlled
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AC railway vehicle with the attention to the smoothing of
the leakage inductances in the main transformer.
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Abstract -~ In this paper we report our results about a permanent
magnet synchronous notor control system for railway vehicle
traction. First we show the details of the system structure, second
how to design the ACR system and its characteristics, third an
example of application of our assumed system and lastly we
introduce test results and the advantages of our system from the
viewpoint of vehicle traction.

[. INTRODUCTION

In the field of railway vehicle traction, direct drive
tractions motor without any gears are expected not only
to eliminate noise and maintenance problem but also to
improve curve running performance with the center of
gravity placed lower [1] . As the direct drive motor to
be put into practice, we choose a PMSM or permanent
magnet synchronous motor which has the advantages of
downsizing and simple arrangement on the bogie (2] .

There has never been a precedent of permanent magnet
synchronous motors being used for railway vehicle
traction. For practical use of permanent magnet
synchronous traction motors we must also study a novel
and appropriate drive system. At first we began with
constructing the system structure and reached a conclusion
that a voltage source inverter with a view to downsizing
on-board, a resolver for detection of rotating angle with a
view to stabilizing against any disturbance, and vector
control for precise and instantaneous torque control are to
be adopted (3] .

Under the current control system of vector control of
PMSM an electromotive force (e.m.f) compensation is
usually adopted to prevent interference between d-axis
current and g-axis current and e.m.f. caused by PM field
flux with a view to more precise and fast torque control
{4] . On the other hand 1" pulse modulation or fundamental
modulation is alwa, s adopted to raise the maximum output
voltage, but in this modulation, delay of voltage output
and harmonics of current are increased. If real currents
are fed back for compensation of interference of both
currents there is a possibility of disturbing the current
control stability. To cope with this problem we proposed
feed-forward compensation with use of reference currents.
With this compensation we can obtain a one-order delay
system from reference currents to real currents
theoretically.

Compared to the conventional V/F-slip frequency
controlled asynchronous motor drive for vehicle traction
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in Japan, some differences are implemented in our
suggested PMSM drive system i.e. precise velocity
calculation with aresolver, certain field flux by permanent
magnet and precise torque control due to vector control.
These items provide some advantages from the viewpoint
of vehicle traction control.

[I. VECTOR CONTROL THEORY FOR PMSM

A. Basic Equations of PMSM

On the d-q coordinates which are the oriented to the
rotating field flux, the voltage and current formula is

expressed by (1) .
|:vdj| I:rm +sL, -aL, :“:id:l |: 0 j| (
= A . (1)

v, oL, r, sk, | ¢, P
Here v and v_are the d-axis voltage and g-axis voltage,
i,and i are the d-axis current and g-axis current, L, and
Lq are d-axis inductance and g-axis inductance, r_is the
amateur winding resistance and (I)f is the permanent
magnet field flux.

The PMSM torque T is composed of the intersected
flux vector and current vector as (2) .

T, =plo, +(L,- L)}, . @
Assuming a cylindrical PMSM, we can set L, = Lq and
express T_by equation (3) from (2) .

T,=p®i,. (3)

The PMSM terminal voltage V_is expressed by (4)
assuming steady state and neglecting resistance voltage
drop.

v, = w\/(—Lqiq )+ (L +o,) . @

B. Torque and Voltage Control Method

In accordance with vehicle performance characteristics
reference torque T _*and reference terminal voltage V *
shown in Fig. 1 are determined. To make T and V
coincide with Tm* and Vm*, i,and iq should be controlled
according to (3) and (4) . In this case reference d-axis

PCC-Nagaoka '97
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currents /;" and i areexpressed in Fig. 1
B. Construction of Current Regulation System.

1) Basic concept of current control [5]: In (1) non-
diagonal elements of impedance matrix express amateur
reactance voltage which causes interference between i,
and i and the second terms on right side express
electrical motive force by permanent magnet flux which
performs as a disturbance on current control.

To cope with this problem, feed-forward compensation
is adopted, which depresses amateur reactance voltage
and e.m.f. and the errors between real currents and
reference currents will be regulated by feed-back
compensation with PI compensator. Fig. 2 shows our
proposed current control system.

2) Design of ACR compensator: From the current
control system in Fig. 2 reference voltage vector v'=
(v, vq*] T is expressed in (5) .

Current controller

i
| (
| . !
o ‘ + vy,
O P O s
I + !
| !
| |
! > -wl,” (Ts+l) !
Interference ! ﬁ
compensation :
! >| wl,” (Ts+1) 1 }
| I
|
. : +yt Y
i ded (> P - R

TA +

Field flux e.m.f.

compensation

Fig. 2. Block diagram of current control system

64

Gpiy ~1,) —oL, /(1 +5T,) J{ 0 }
oL, (1 +3T,)  Gu (i) —i,)| [@®,

"l
v,
5)

Here we assume current regulation can be perfectly
achieved and the real current vector 1= [i, iq} T can be
controlled in one-order delay with time constant T, as
input of reference current vector = [i, iq*] T This
assumption gives the following equation :

i, ] [1A1+sT,) 0 i
L@H 0 1a+sTy) | ©

If we can neglect the effect of microprocessor
performing time and any voltage error with PWM, the
real voltage vector v= [v, Vq] T is regarded coincident
to v'= v vq*] T. With this assumption and relation
expressed by (6) whichis based on (5) , we express

v=lv, v] T as follows :
|:vd} ~ [sTdGP,d(s) [idj| +[ 0 }
v, oL, I, o, |
(7

Voltage vectorin (7) 1is given to PMSM model equation
(1) as input voltage and we obtain an equation related

to the PI compensators G, (s) and GPIq (s) as

r,tsL,—sT,Gpi(8) 0 iy 0
0 t L, —sT,Gp, (s} || i, “lol

(8)
From this equation the PI compensators G, (s) and
GPIq (s) should be expressed as follows to always realize

equation (8):

~oL,
sT,Gp,(5)

¥ L
G, (s)="n 422
p1a(S) STd+Td' 9
L
p1g(S) T (10)

In this way ACR gains can be designed theoretically
and current step response is expected to be a one-order
delay system.

[II. CONTROL SYSTEM FOR PERMANENT
MAGNET SYNCHRONOUS MOTOR

Here we describe the control system for a permanent
magnet synchronous motor which is studied in the

abovementioned text.

A. An Example of Main Traction Circuit.



Fig. 3 shows an example of a main traction circuit
tor a DC power-fed electrical multiple unit. A voltage
source inverter is suitable for on-board traction because
only one simple power converter is required to convert
DC to AVAF AC. Each inverter must feed and control
each traction motor 10 perform self control. An IGBT is
suitable for a three-level inverter of this capacity. With
use of the three-level inverter there are less harmonics
of input and output of the inverter than in the case of
the two-level inverter. In addition, an adjustable voltage
output will be available even at the synchronized 1"
pulse (fundamental switching) mode.

‘ Pan

ctl o BL1
n__".___- VS
e 1K _/
Cz o kL2
~— VST2
weH — / PMSM2
Il -
€3 rL3
n._”__-i T VSI3
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Cta K4
1L vSI4
i ]
T o fp—

Qv
Fig. 3 An example of a main traction circuit.

B. Structure of Control System

Fig. 4 shows an actual structure of a trial
manufactured control system. Command values of

Resolver

DC { PWM-VSI
Gate pulse
Tyl iy
PWM . R/D conv.
lé 3 phase—]
Current conirol < |dqaxis
calculationn | g Frequency
calculation
Idre Igref w
Current command
calculation < '
1% \ AT Current control unit
mre mrel o
R Y

Upper control unit

(Characteristc of Fig. I, Readhesion control etc.)

Fig. 4 The structure of control system

current of d-axis and g-axis are given as a function of
velocity as shown for example in Fig. 1. Currents are
controlled by the current control system described in
Fig. 2. PWM control performs an asynchronous
sinusoidal-trapezoidal modulation in the range from
start-up to middle speed and a synchronous 1° pulse
modulation in the range of higher velocities after
reaching the limit of output voltage. The rotating angle
of the rotor is detected by the resolver and its processing
unit called the R/D converter. Rotating velocity can be
obtained by a differential of the detected rotor angle
value. All of the functions except R/D and PWM are
performed by software.

[V. TEST RESULTS

We conducted the tests by use of an actually
manufactured 420k VA IGBT three level-inverter which
includes the control system as mentioned above to make
sure that our suggested PMSM control system has the
basic function of railway vehicle traction. Results shown
here are obtained at the test site feeding 1500V DC line
voltage.

1) Continuous Acceleration and Deceleration Tests . In
Fig. 5 we show results of test using 80kW trial
manufactured PMSM and DC generator as a load.
According to this result we can recognize that the control
is smoothly performed in any speed range.

2) Repowering Characteristics : In Fig. 6 we show the
result of repowering test under the same conditions as
in Fig. 5. It can be confirmed that operation of the
inverter can be restarted without any problem under the
condition of an e.m.f generated.

In the test results :

I, current of phase u

1" : reference value of d-axis current
Iq . reference value of d-axis current
I,: d-axis current

Iq : q-axis current

« :modulation issue

I, : current of filter inductance

Fl.
L. - voltage of filter capacitor

w _:mechanical rotor angle velocity
T :real torque
V. MERITS OF PMSM CONTROL SYSTEM
IN VEHICLE TRACTION

A. Merits of the PMSM Control System

In the conventional V/F-slip frequency-controlled
asynchronous motor traction, rms current regulation
with slip frequency and detecting rotating velocity with
pulse sensors of less than 100 pulse/r have been usual
in Japan. This ordinary control method resulted from
its simple structure and low performance of



Fig. 5. Continuous acceleration and deceleration test.
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Fig. 6. Repowering characteristics

microprocessor in those days. In this system precise
torque control is not expected with rms current control
due to a long secondary time constant of the
asynchronous motor. It is principally difficult to detect
precise rotating velocity due to few teeth of the pulse
sensor, especially at the low speed range.

Unlike this ordinary asynchronous motor drive
system there are particular advantages in our PMSM
drive system as follows :

- precise and instantaneous torque control by vector
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Fig. 7. Advantages of the PMSM control system in
railway vehicle traction

control.

» precise and continuous velocity calculation by use of
rotating angle detected by the resolver even at low speed
range.

- certainly established field flux by PM.

These advantages are favorable from the viewpoint of
vehicle traction, as shown in Fig. 7.

In case of wheel slip/skid, quick detection is essential
and it can be confirmed by the use of a resolver. After
detecting slip/skid precise torque control is required to
effectively utilize the adhesion force. By use of vector
control it is easy to control torque precisely and quickly.

From the viewpoint of saving power consumption
in train operation and wearing of brake equipment a
regenerative brake should be available even in the very
low speed range. In an ordinary asynchronous motor
drive system with pulse sensors it is difficult to detect
low speed precisely. By use of a PMSM drive system it
is easy to detect low speed due to continuous and precise
rotor angle detection. In addition PMSM vector control
can make it easy to control torque, coupled with
mechanical brakes in halting the vehicle.

Line voltage of electrical railway tends to vary within
a wide range and suddenly compared with usual power
sources for industrial applications. The drive system for
railway vehicle traction must be stable under such
situations. The ordinary asynchronous motor drive
system is originally unstable and it is already reported
that a damping control loop should be added to the slip
frequency control loop to cope with this problem [6] .
Sudden change of input voltage in the asynchronous
motor disturbs the exciting current to fluctuate main
flux, but input voltage in the PMSM does not affect field
flux due to the use of permanent magnets. In addition
vector control realizes instantan