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Torque Trajectory Control of Interior PM Synchronous Motor
Using Adaptive Input-Output Linearization Technique
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Abstract: A torque trajectory control of the IPM synchronous motor
using an adaptive input-output linearization technigue is proposed.
The input-output linearization is performed using the estimated torque
output with the knowledge of machine parameters. The linearized
model gives the output torque error under the variation of the flux
linkage. To give a good torque tracking in the presence of the flux link-
age variation, the flux linkage will be esti d where the adaptati
law is derived by the Popov’s hyperstability theory and the positivity
concept. This estimated value is also used for the generation of the d-
axis current command for the maximum torque control. Thus, a good
torque tracking and the exact maximum torque-per-current operation
“will be obtained.

1. INTRODUCTION

In an interior PM (IPM) synchronous motor, the magnets are
buried inside the rotor so that the mechanically robust con-
struction is obtained which can be used for the high speed ap-
plications since the magnets are physically contained and pro-
tected. Furthermore, in the IPM synchronous motor, the g-axis
stator inductance L, is larger than the d-axis stator inductance

L,. The relation L, <L, has direct effect on the electromag-

netic torque production. In contrast to the surface PM (SPM)
synchronous motor, the electromagnetic torque in the IPM syn-
chronous motor contains two components. One is so called
excitation torque due to the interaction of the magnet flux and
the g-axis stator current and the other one is the reluctance
torque component, which is proportional to the difference
(L,—L,). Because of this reluctance torque component,

higher torque per ampere can be produced in an IPM synchro-
nous motor than in a SPM synchronous motor. In the conven-
tional control method of the IPM synchronous motors for servo
drive applications, the stator current vector is aligned with the
induced voltage due to the permanent magnet flux. Because the
d-axis component of the stator current is always kept zero, this
control method is called “i, =0 control”[2]. Recently, It has

been shown that several control methods which control not
only the g-axis current but also the d-axis current give the im-
provement of the drive system such as the power factor, effi-
ciency, and power capability[2]-[3]. These improvement can be
obtained by the maximum torque control compared with the
conventional i, =0 control. By the maximum torque control

method, the reluctance torque can be used effectively by con-

trolling a stator current vector according to load condition. This
requires the proper orientation of the stator current vector since
the d-axis current for the maximum torque control is repre-

sented as a function of the flux linkage and the magnitude of
the g-axis current. When the flux linkage is varied, the exact
maximum torque control can not be obtained. However, in the
most drive applications, the influence of the flux linkage
variation for maximum torque-per-current control has not been
considered. "

‘In recent years, state feedback linearizations and input-
output decoupling techniques have been applied to the control
of the robot manipulators, induction motors, and PM synchro-
nous motors[4]-[5]. The basic idea is to first transform a non-
linear system into a linear one by a nonlinear state feedback,
and then use the well-known linear design techniques to com-
plete the controller design[4]. In these schemes, the nonlinear
terms can be effectively cancelled out, and the output dynamics
can be designed to give an arbitrary trajectory following based
on the linear-based model. These techniques, however, require
the full knowledge of system parameters with the sufficient ac-
curacy. In order to guarantee the robust response under the pa-
rameter variation, the controller parameters must be adaptively
changed with the variations of the plant parameters.

In this paper, an adaptive input-output linearization scheme
with the flux linkage estimation is presented for the robust
torque trajectory contro! of the IPM synchronous motor. The
estimated flux linkage is also used for the proper orientation of
the stator current vector. Thus, under the variation of the flux
linkage, the robust torque trajectory response and exact maxi-
mum _ torque-per-current control will be simultaneously
achieved.

II. MODELING OF IPM SYNCHRONOUS MOTOR

The stator voltage equation of an TPM synchronous motor is
described as follows:

Vo =Ri, +Li, +Lwi,+\,0, |

Vg = Ry + L, - Lo i, o
where R, is the stator resistance, L, and L, are the ¢- and d-
axes inductances, respectively, ®, is the electrical rotor angu-
lar velocity, and A, is the flux linkage. The electromagnetic

torque developed by the machine is expressed as

3 .
T, == Phiy Ly = L igia ] o))

Fig. 1 shows the relation of the g-axis, the d-axis and the stator
current vector. Using the angle B in the Fig. 1, the ¢- and d-
axes components of the stator currents are represented as
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Fig. 2 Effects of the current phase angle to the developed torque

i =1, cosP

MU 3
i, =—1 sinB
where I, =|[|= /i +i} and B is a leading angle of the stator

- current vector with respect to the g-axis. Using (3), the elec-
tromagnetic torque (2) can be rewritten as

T = % P(Xmla cos§3+—;-(l.d L) sin2B). (4)

The first term of (4) represents the excitation torque and the
second term represents the reluctance torque due to a saliency.
As can be shown in (4), the excitation torque is proportional to
I, and the reluctance torque is proportional to 1“2. Fig. 2
shows the excitation torque 7, , the reluctance torque 7,,,, and
the total torque T, as a fuction of the current phase angle §
when 7,=100% and 7, =200%. The excitation torque is maxi-
mum at B=0° and the reluctance torque is maximum at
B =45". Therefore, the total torque becomes maximum within
the range of 0°< [} <45° and the effect of the reluctance torque
is more significant at high current level. From (4), the relation-
ship between the magnitude J, and phase angle B for the
maximum torque-per-current control is derived as

= sin™
p=sin AL, -L)1, )

or equivalently, in terms of the d- and ¢- axes components of
the stator currents, it can be expressed as follows:

) Ly A 2

e = - rube o JUO

2(1-1, - L./) \/4(14:1 - Lu)“ *

As can be shown in (5), the exact information of the flux link-
age is required for the orientation of the stator current vector.
When the actual flux linkage varies from the nominal value,
the phase angle B has to be adaptively changed for the proper
maximum torque-per-current operation. Fig. 3 shows the
maximum torque-per-current trajectory with respect to the flux
linkage variation. If the exact flux linkage information is given,
the phase angle B, and thus, d-axis current is determined at
constant value under a constant g-axis current level, However,
when the flux linkage is varied form its nominal value, the
phase angle B must be changed. Therefore, under the flux
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Fig. 3 Maximum torque-per-current trajectory with respect to
the flux linkage variation

linkage variation, the maximum torque per current operation
can not be obtained.

11I. TORQUE CONTROL WITH I/O LINEARIZATION

In this section, a torque trajectory control of the IPM syn-
chronous motor using input-output linearization scheme is pre-
seated. A specification of the output torque dynamics is de-
termined based on the linearized model which is obtained by
the input-output linearization. Torque output dynamics is in-
fluenced by the variation of the flux linkage. To operate the
drive system at the maximum torque and to obtain a robust
torque response under the flux linkage variation, the flux link-
age is estimated and this estimated value is employed for the
calculation of the current phase angle B and the torque control-

ler. Using the g- and d- axes stator currents as the states, the
state equation of an JPM synchronous motor is described as

X= f(X)+ gV, + &V D
T T

where x=[i, i1, g= 1 0 =0 1
=l Wl & Lw ' & L,

R. _L »

"Z"'m 'Z'O)‘% -0,
f(x)= ¢ 4 L
-2, +—to |
¢ “ L'«' *

When the controlled variables are the developed torque and d-
axis stator current, the output equation is deseribed as

Hxy=[h(x) bl (%)
W) =T, =3 P+ L= L), in} ©
h(x) =i, 10

The objective of the control is to maintain the torque and d-
axis current to their reference trajectories with a specified be-
havior. To perform an input-output linearization, the output
signal must be given. For the torque trajectory control, the
torque feedback signal must be required. The instantaneous
torque feedback signal can be estimated from the knowledge of

‘machine parameters and the measurements of currents and ro-

tor position. To control the torque using only the current and
position feedback signal, the output torque is estimated with
estimated flux linkage as follows:

s 3 (s .
» = e=EP{K,"‘¢,+(L‘,"L,,)‘WI,,_‘} an

Y2 =y,
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Fig. 4 Overall block diagram of the proposed control scheme

where im is the estimated flux linkage which will be updated

using the estimation algorithm. Using (11), the dynamic equa-
tion is described as follows:
W=Lh+Lyhv, +Loh v, +Lh-AA,

12
=L+ Lok v, 12

3P (s .
where L} =5'Z.{}\'m +(L, - Lq)'d.v}

4

3P ,
Lok = EZ,,—(L” -L)i,

3 o, |z ,
L= —-—2-P-L—{7Lm +(L, —Lq)l‘,x}

¢

Ly ==t 0
1
L h =—
LEANES Ld
Lk, ——le{—ﬁiw -wi, —hw,}
L‘l I"I L'l

3 R.. Lo A . R L .
+5 P(L,~L, ){-El iy —-zi(n,:,h _Tm""' L lae +i—m,:;}

i L} "
To linearize the nonlinear model in (12), the required control
inputs are calculated as

' vqx _ - _L/h, +M|
(vd.r) =D (—Lj-hz +u, (13)

L Ihl L.7h|
where D(x)=| ° 2 ”
( 0 Lyh (14)

When the linearizing control inputs (13) are applied, the non-
linear motor mode! (12) becomes

Yy =u,+ LAk,

-I 1 :lhl (15)

Y=ty
where u, and u, are the equivalent contro! inputs and can be
properly assigned to give a specified dynamic performance.

IV. ESTIMATION OF FLUX LINKAGE

To control the output torque dynamics with a specified per-
formance, the flux linkage has to be estimated. As soon as the
flux linkage is estimated, the disturbance term in the linearized
model (15) is disappeared. To estimate the flux linkage, the
equivalent control inputs are chosen as follows:

1, =—k(y, 7;.)"'7': (16)

ty ==k (= iy) +iy,

where T, and {, are the torque and d-axis current references.

3

This equivalent control input gives the first order torque and

Fig. 5 Calculation of the control input voltages

d-axis current error dynamics, respectively. To estimate the
flux linkage, a reference model is chosen as follows:

Y =—kr (i = T:) + 1;.

Yau = —ky(You = ’.;:)*’ ‘;
By subtracting (17) from (15), the error dynamic equation can
be obtained as follows:

y=A5-W (18)
where 5 = y - y,,, W==B-AA,

% 0 y
AM= 0 —kM N B=(thl 0) .

Define the adaptation mechanism as follows:
AoG.0= [ ¥,G.0d0+ ¥, 5,0+1,0) (19)

where ‘¥, and ¥, are the nonlinear adaptation mechanisms for
the estimation of the flux linkage. The design problem to ob-
tain the asymptotic adaptation is as follows:

1. Determine ¥, and ‘¥, such that ’Lm ¥(t) = 0.

an

2. Find the conditions which lead to lim i,,(}',t) =X,-

Based on the model reference adaptive control method and the
hyperstability theory, the flux linkage is estimated as[6]

A, = (kn +kT'*)-(y, Lh) (20)

where =[5, %) and k,, and k, are the PI gains for the
flux linkage estimation, respectively.

V. SIMULATION RESULTS

The block diagram of the proposed torque trajectory control
is shown in Fig. 4. The estimated flux linkage is used not only
for the calculation of the linearizing control inputs and output
estimation, but also for the d-axis current command generation.
The d-axis current command is generated with the estimated
flux linkage as follows:

. & [ & ;
i » il @n
“T2AL~L) YHL,-L)

The calculated input voltages are applied to a motor using the

space vector PWM technique. The nominal parameters used
for the simulations are as follows:

R.r,mnn=l '07[011 Lq,,,,,,,,=12.0[mH]
L, ,..=6.0[mH1, and X, ,.=0.12[ Wh].

Fig. 5 shows the simplified block diagram for the calculation
of the control input voltages. Fig. 6 shows the torque and d-
axis current responses at each sampling instants when the flux
linkage is varied to 80% of its nominal value without the esti-
mation algorithm. The torque command is given as 2 Nm and
the sampling period is 0.1 msec. The d-axis current command
is generated by the maximum torque control method using
(21). Although the d-axis current response shows the specified
output dynamic performance, the developed torque can not
follow the torque command due to the flux linkage variation.
Also, the proper orientation of the stator current vector for the
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Fig. 6 Torque response under 20% flux linkage variation
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Fig. 7 Torque response under 20% flux linkage variation
(With Adaptation)

maximum torque-per-current operation can not be obtained.
Fig. 7 shows the torque and d-axis current responses of the
proposed control scheme when the flux linkage is varied to
80% of its nominal value. Due to the exact flux linkage esti-
mation, the torque command can be well tracked. Fig. 8 shows
the magnitude of the input currents and voltages. In this figure,
‘i, =0 control’ means the torque control with the flux linkage

.

estimation algorithm when {, =0. Although this contro}

method gives a good torque tracking response, input voltage
and current are larger than the maximum torque control
method. Fig. 9 shows the torque trajectory response when the
flux linkage is varied to 80% of its nominal value, The torque
trajectory reference is given as
Y . 7, -sin(2wy/t )

T = (22)
7':. =;I'i_ T, -cos(2me/r,) @3)
t, !,

As can be shown in these simulation results, by utilizing the
proposed contro! scheme, a robust torque trajectory_response
and exact maximum torque contro! can be obtained. Also, the
magnitude of the input currents and voltages are significantly
reduced through the estimation of the flux linkage. Thus, the
power capability of the inverter can be improved and it is more
useful for the larger torque region.

VI. CONCLUSIONS

A torque trajectory control of an IPM synchronous motor
using an adaptive input-output linearization technique is pre-
sented. To solve the difficulty for obtaining the torque feed-
back signal, the instantaneous torque signal is estimated from
the estimated flux linkage and the measurements of currents.
Using this estimated torque signal, the input-output lineariza-
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Fig. 9 Torque trajectory response under 20% flux linkage
variation (With Adaptation)

tion is performed. The linearized system gives the output
torque error under the flux lfinkage variation. To give a good
torque tracking in the presense of the flux linkage variation, an
MRAS parameter estimation technique is employed. This esti-
mated flux linkage is also used for the generation of the d-axis
current command for the maximum torque-per-current control.
This gives the performance improvement of the drive system
such as the power factor and power capability. Also, the ampli-
tude of the input currents and voltages are significantly re-
duced. As a result, a good torque trajectory tracking and the
proper orientation of the stator current vector for the maximum
torque control can be obtained.

REFERENCES

[11 P. C. Krause, Analysis of electric machineary, New York,
McGraw-Hill Company, 1986.

2] S. Morimoto, K. Hatanaka, Y. Tong, Y. Takeda, and T. Hirasa,
“High performance servo drive system of salient pole perma-
nent magnet synchronous motor,” in Conf. Ree. IEEE-IAS, pp.
463-468, 1991,

[31 S. Morimoto, Y. Takeda, T. Hirasa, and K. Taniguchi
“Expansion of operating limits for permanent magnet motor by
current vector control considering inverter capacity,” IEEE
Trans. Industry Applications, vol. 1A-26, no. §, pp. 866-871,
Sep./Oct. 1990,

{41 1.J. E. Slotine and W, Li, Applied Nonlinear Control, Prentice-
Hall International Editions, 1991.

{51 R. Marino, S. Peresada, and P. Vaiigi, “Adaptive input-output
finearizing control of induction motors,” [EEE Trans. Auto-
matic Control, vol. AC-38, no. 2, pp. 208-221, Feb. 1993.

161 Y. D. Landau, Adaptive Control-The Model Reference Ap-
proach, New York, Marcel Dekker, 1979,

- 581 -



