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Abstract - A new instantaneous torque control technique is
presented for a high performance control of a permanent
magnet synchronous motor. Using the model reference
adaptive system technique, the linkage flux of the motor is
estimated and the torque is instantaneously controlled by
the proposed torque controller combining with a variable
structure control and space vector PWM. The proposed
torque control provides the advantage of reducing the

torque pulsation caused by the flux harmonics. This control

strategy is applied to the high torque PM synchronous
motor drives for direct drive systems and is implemented
by wusing a software of the DSP TMS320C30. The
experiments are carried out for this system and the results
well demonstrate the effectiveness of the proposed control.

I. INTRODUCTION

Permanent magnet(PM)  synchronous motors are
generally used in a wide range of high performance servo
applications such as industrial robots and machine tools
because of their high power density, high torque to inertia
ratio, and free maintenance. Especially, the recent
researches for high coercive magnet materials, such as the
samarium-cobalt and neodymium-iron-boron, marvelously
increase the magnetic and thermal capabilities of the PM
and thus the PM synchronous motor is often employed as
an effective actuator in the special purpose applications.
The direct drive system without a speed reducing
mechanism is a typical example of these applications.
Unlike the traditional servo system with a speed reducing
mechanism, this system requires the high torque and low
speed characteristics, and high stall torque to endure the
gravity force of the external load coupled directly. Since
the PM synchronous motor has the suitable configuration
of satisfying these requirements, it is generally utilized in
most direct drive systems.

In the direct drive system, although the elimination of
the speed reducing mechanism can provide many useful
advantages of eliminating the mechanical problems such as
the backlash, friction, and wear, it is also a source of
other problems. One of the important problems is the
torque pulsation caused by the non-sinusoidal distribution
of the magnetic flux. In the traditional servo system
operated in high speed region, it is not necessary to
consider this problem because the torque pulsation is
naturally filtered out by the inertia moment of the motor
and load. However, in the direct drive system, this
problem degrades the control performance because the
motor is generally operated in low speed region.

In order to deal with this problem, a new instantaneous
torque control is proposed in this paper. In the proposed
control scheme, the linkage flux of the PM synchronous
motor is estimated by the model reference adaptive
system(MRAS) technique and the torque is calculated by

using this estimated flux. Then, the torque of the motor is
instantaneously controlled by the proposed torque controller
using the VSC with an integral action, so called IVSC,
and the space vector PWM technique. Since the proposed
estimation method does not require the differentiation of
the current, the estimating performance is less sensitive to
the measurement noise than that of the conventional
approach employing the least square method.  The
experiments are carried out for the DSP based PM
synchronous motor drives, and the results well demonstrate
the effectiveness of the proposed control scheme.

II. MODELING OF PM SYNCHRONOUS MOTOR

The motor considered in this paper is a surface
mounted type three phase PM synchronous motor which
consists of a three phase stator winding and permanent
magnet rotor. The voltage equation in the synchronous
reference frame can be represented as followsf1, 2]:

Vgs= Tsids+1mds_wr’lqs (1)
Vo= 7’siqs+p/lqs+ (l),/l,]s (2)
where
Aas= ltast Magles+ Mafly
Ags= lglgst Myglast Moy

and the inductances considering the flux harmonics are
represented as

ld =L00+L05C0566,+ Ld12COS].2Hy+
m 4y =M,hssin66',+qulgsin120,+
m 4f :Mdjg'i'MdﬁC0566,+Md/12COS].20,+ e
l, =Lgy+ Lgcos60,+ Ly,cos120,+ ...
My = M,zsin66,+ M,z,5in120,+ . ..
My = gﬁsin66,+ Mqﬂzsin129,+ ven e

Since the 3rd harmonics and its multiples are internally
canceled out in the Y-connected three phase circuit, the
remaining harmonics are of the 5th, 7th, 11th, 13th, ... .
Therefore, the inductances in the synchronous frame can be
represented to the fundamental term and multiples of six.
The developed torque can be given as

_3 P dly . dm,;,, . dmdf . .
) [( 4o, tast do, e do, T Ags zds(3)
d ., . .
+( 34194, iqs+ ;naqj 1d3+ Zza;f lf_lids)lqs].

In the motor employing the high coercive PM material, the
contributions to the torque , by the self and mutual
inductances of the stator windings are much smaller than
that by the PM[5]. Thus, the self and mutual inductances
of the stator winding can be assumed as Iy = L, Iy = Ly,
and my, = mgy = 0. Therefore, the torque and current
relation of interest can be considered as
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Te= % g[ ¢dmiqs+ ¢qmla’s+ (Ld) - Lq()) z.qsiafs] (4)
where
bam = Tap+ Tgcosb,+ Tpycosl2b,+ ...
(bam = qqu"" wqgsin69,+ quzsin129,+ AP
and
Vo= Miis, Vg=(6My+ My, ...
WQOZO, wqﬁz(GMdﬁ‘l"Mqﬁ)if,

From the above relation, the voltage equation given in (1)
and (2) can also be rewritten as

Vags— rsids+ Ld)ﬂds— quzqsw,+ ¢qm(l),f (5)
Vg™ Ysiqs+ qupiqs + qul.dsa),.+ ¢dma),. (6)

By using the concept of the field orientation, it can be
assumed that the 4 axis current iy is controlled to be zero,
in which the developed torque is maximized for given
stator current. Under this assumption, the torque and
current relation can simply be described as

To=1Fy* iy
where
k=3 L .

III. TORQUE CONTROL OF PM SYNCHRONOUS
MOTOR

A. Overview of previous approaches

Fig. 1 shows the traditional torque control scheme of
the PM synchronous motor using a sinusoidal current
control, where the d axis current control loop is omitted
for a simplicity. Under the assumption that the flux
distribution is purely sinusoid, the torque can be controlled
by the sinusoidally injected stator current. However, if the
flux distribution is not purely sinusoid, the flux harmonics
may produce the undesirable torque pulsation because the
torque is developed by the combination of the flux and
current.

In order to overcome the problem mentioned above, the
concept of the instantaneous torque control is introduced{6].
This technique employs the torque control loop instead of
the current control loop as shown in Fig. 2. It is known
that this technique is an effective method of reducing the
torque pulsation because the instantaneous torque can be
directly controlled by the torque control strategy. However,
in practice, this technique has the significant problem how
the information on the instantaneous torque is obtained.
Since the torque measuring mechanism using the strain
gauge is very expensive and bulky, the direct measuring
method is not available for most industrial servo
applications. Therefore, the torque estimation method using
the mathematical model and measurable variables is
proposed in the previous approach{6]. The least square
method is generally used to estimate the instantaneous
torque of the motor. It is, however, known that the least
square method is very complex to implement. Moreover,
since this estimation method requires the differentiation of
the motor current which is very noisy, it is very difficult
to obtain the high estimating performance.

B. Proposed control scheme

In order to improve the above disadvantages, a new
instantaneous torque control technique is proposed in this
paper. As shown in Fig. 3, the proposed control scheme
consists of two parts: the torque estimation and conirol

PM synchronous motor

Fig. 1 Traditional torque control scheme of PM synchronous

motor employing sinusoidal current control
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Fig. 3 Proposed torque control scheme of PM synchronous
motor using MRAS torque estimator

parts. In the estimation part, the MRAS technique is
employed, where the reference model is the real PM
synchronous motor and the adjustable system is the
mathematical model including the estimated linkage flux.
The linkage flux is estimated by using the error between
the outputs of the reference and adjustable models and
then the instantaneous torque is. estimated by using this
estimated linkage flux and feedback current. As compared
with the least square method used previously, the proposed
torque technique is simpler and has higher noise immunity
because it does not requires the differentiation of the
motor current. The control part of the proposed scheme is
composed of the IVSC and space vector PWM. The
estimated instantaneous torque is fed to the proposed IVSC
and then the control voltage is applied to the terminals of
the motor by using the space vector PWM technique. The
integral action in the proposed IVSC provides the useful
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advantage of improving the steady state performance and
robustness[8]. Furthermore, the switching characteristics of
the PWM inverter can also be improved by employing the
space vector PWM technique.

IV. DESIGN OF PROPOSED CONTROLLER
A. Design of torque estimator using MRAS technigque

The model of the PM synchronous motor given in (5)
and (6) can be represented to the state space form as:

x=Ax+ Bu+ D¢ ®
where
x=[zds z.qs]T, uz[vds vqx]Tv ¢=[¢’qm ¢'dm]T
¥ LGO 1 @y
A=| "Ly Ly“|.B=|Ta 0 D=1"1La 0
_l‘_;‘(lw I 0 L 0 9
Lq() 4 Ly Lrﬂ La

From this model, the adjustable system to estimate the
linkage flux can be chosen as[4}

x= Ax+ Bu+ D+ Fe ©9)

where e=x—% and F is a gain matrix. The adaptation
rule can be given as

$=yD"Ge (10
where 7 is adaptation gain and G is a solution of the
Lyapunov equation given as

AT+ CA=—Q an
for the positive definite matrix O, where A=A+ F and
the poles of lie in the open left half plane. The stability
of the proposed adaptation mechanism can be proved by

using the Lyapunov's direct method. To show the stability,
the Lyapunov function candidate can be chosen as

Ve, ¢,0=e"Gety '97¢ (12)
where ¢= ¢——/¢. The time derivative is derived as
Ve 8.0) = e(ATG+GAe+26"DGe+2r" 197 (13,

= ~e"Qe+24"D"Ge+27 47(4— D).
From the assumption that the time variation of the flux is
much slower than the dynamics of the flux estimator, that

is ¢=0, the following inequality can be made:

V(e ¢, < —e"Qe < —Amn(Qllell®<0. (14)

Therefore, the stability of the proposed adaptation

mechanism is proved in the Lyapunov sense. Using the

estimated linkage flux, the developed torque of the PM

synchronous motor can be obtained as follows:
;;= k\t : Z'qs-

(15)

B. Design of torque controller using VSC with integral
action

In the proposed control, the control variables of interest
are the d axis current iy and the developed torque t..
Thus, the error states to be controlled can be defined as

Xi=ig— iy, X, =7,—1, (16)
For these states, the sliding surface can be chosen as
£
si=Xhe [ X{(Ode=0 (17
t
sr=Xt+ Crf_er(g)d§=0 (18)

where ¢; and ¢, are the coefficients of the sliding surface.
The structure of the control input can be given as

ve= KX+ Ky (19)
quzK,1X,+K,2. (20)
The gains of the control inputs Kil, K1, Ki2, and K2 can

Fig. 4 Setup for expetiments

be determined by using the well known the sliding mode
existence condition given as[3]
SZ'S.Z‘ < 0, Srs'r < 0. » (21)
From the above inequalities, the gains of the control inputs
are determined as follows:
K. = ay> max(—~ 7+ Lgc) for s:X<0
i {aﬂ<min(—rs+LaDc,-) for ;X0
Kp= ap)> max (L gw,dg,— Gomw,— ris— Lats) for s<0 (23)
N apdmin (L g — Somr— rin— Lais) for sp0

(22)

k 1
K= a,Qmax[(—rﬁmeiwLL,nc,)]z for $.X.<0 (24
ax< min{(—rn’-Lm%:-kLaoc,) %; for sX 00
. k\
afZ>max[_Ld)mrlds“¢dmwr_(rs"Luﬂzf)E
K= ——ktﬂ rf_,] for 5.0
; ; _p R\
a,g(mm[ Laywis— dume, (Ts Ly kt>kl
Lo -
% I'e} for 5.0
(25)

VI. EXPERIMENTS

A. Experimental system

Fig. 4 shows the experimental setup for the PM
synchronous motor drive system, which consists of the
high torque PM synchronous motor with a power rating of
120 [W], torque transducer, and DC generator. The
proposed control scheme is implemented using the
DSP-based control system using the DSP TMS320C30 with
a clock frequency of 33 [MHz], which provides the
computing performance of 33 [MFLOPS]. All of the
proposed control algorithms including the torque estimator
and IVSC are implemented using a software of the DSP.
The position and speed of the rotor are detected by using
the brushless resolver. The resolutions of the position and
speed are calibrated as 16 [bitrev] and 0.06 [rpm},
respectively. The phase current of the stator is measured
by using the Hall effect devices and the measured analog
signal is converted to the digital value by using the A/D
converter with a resolution of 12 [bit]. The three phase
PWM inverter is constructed by using the intelligent power
module(IPM). The gate firing logic to implement the space
vector PWM is developed by using the single chip
erasable programmable logic device(EPLD). The sampling
time of the proposed control scheme is set as 100 [sec].

B. Experimental results
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Fig. 6 Real and estimated torque (upper: real, lower: estimated,
0.5Nm/div)

In order to verify the effectiveness of the proposed
torque control scheme, the experiments are carried out for
the DSP-based PM synchronous motor control system. Fig.
5 show the estimated flux of the motor. Fig. 6 shows the
real estimated torques. Fig. 7 shows the torque responses
of the sinusoidal current control and proposed torque
control schemes. It is shown that the torque pulsation is
remarkably reduced by employing the proposed torque
control scheme. Fig. 8 shows the speed control
performances of both scheme, when the reference speed is
given as 10 [rpm], respectively, where the PI controller is
used as an outer loop controller in both scheme. It is
observed that the speed pulsation is also reduced in the
proposed scheme.

VII. CONCLUSIONS

A new instantaneous torque control strategy is presented
for a high performance control of a PM synchronous motor
designed for direct drive systems. To deal with the torque
pulsating problem caused by the non-sinusoidal flux
distribution, the characteristics of the instantaneous torque
control scheme is first considered. In order to improve the
disadvantages of the existing approaches, the new torque
estimation scheme is then proposed by using the MRAS
technique. This estimation scheme is combined with the
IVSC and space vector PWM technique, and the developed
torque of the motor is instantaneously controlled by the
proposed torque control scheme. To show the effectiveness
of this scheme, the experiments are carried out for the
DSP-based PM synchronous motor control system. It is
well demonstrated from . these results that the proposed

Fig. 7 Torque responses of both control schemes (upper:
sinusoidal, lower: proposed, 0.5Nm/div)

Fig. 8 Speed responces of both schemes (upper: sinusoidal,
lower: proposed, 4rpm/div)

torque control scheme provides a good control performance
suppressing the undesirable torque pulsation.

APPENDIX
Motor Parameters
Rated Power 123 W | Rated Speed 123 rpm
Rated torque 9.8 Nm| Stator Resistance| 18 £
Stator inductance | 20 mH | Torque const. 4.7 Nm/A
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