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A Newly Robust Controller Design for the Position
Control of Permanent-Magnet Synchronous Motor

Kuo-Kai Shyy Member, IEEEChiu-Keng Lai, Yao-Wen Tsai, and Ding-I Yang

Abstract—A robust controller which is designed by employing meet the desired specification. Techniques such as pole place-
variable-structure control and linear-quadratic method is pre- ment or linear-quadratic (LQ) method can be used to achieve
oo o o e e nenme vy, e desined goals. T motor system usuallycan be modeled
Pnance in the prgsencé of plant parameter variation an% load 352 _second-ordle.r state-space system in which the mechanical
disturbance. In addition, it possesses the design flexibility of the VelOCity and position are used as the system states. Thus, these
conventional state feedback control. It is applied to the position methods, pole placement and LQ method, seem quite suitable to
control of a PMSM. Simulation and experimental results show the motor drive system. There are, however, few real motor sys-
that the proposed approach gives a better position response and is tems adopting these methods as the controller design. The main
robust to parameter variations and load disturbance. problem is that, while the desired performance can be achieved

Index Terms—integral feedback, permanent-magnet syn- in the nominal system, it is difficult to incorporate robustness
chronous motor, position control, variable-structure control. consideration into the design procedure.

Considering the optimal control, the LQ method is an easy
way to decide the demand control law to satisfy the require-
ments. It is based on the state-space model. To find the control
I N RECENT YEARS, advancements in magnetic materialgy, a relative Riccati equation is first solved, and an optimal

semiconductor power drives, and control theories haygedpack gain, which will lead to optimal results evaluating
made the permanent-magnet synchronous motor (PMSM) driygm the defined performance index, is obtained. Besides the
play a vitally important role in motion-control applicationsacts, once the external disturbance and/or the parameters un-
in the low-to-medium-power range. The desired features @értainty exist, then the desired responses may not be obtained.
the PMSM include its compact structure, high air-gap flux Thys, if one wants to develop an effective optimal control
density, high power density, high torque-to-inertia ratio, angtrategy for the position control of the PMSM drive, one has to
high torque capability. When compared with an induction sergercome the drawbacks mentioned above, including the prob-
motor, a PMSM also has many advantages. For instancejeliys of robustness and keeping the designed flexibility of the
has the higher efficiency, resulting from the absence of rotgpje placement and LQ method.
losses and lower no-load current below the rated speed. Inp the past decade, the variable-structure control (VSC) or
addition, its decoupling control performance is far less sensiti¥gding-mode control (SMC) strategies have been the focus of
to the parameter variations of the motor [1]. To achieve fag{any studies and much research, such as in PM synchronous
four-quadrant operation, smooth starting, and acceleration, §i§vomotor drive control [2], electrohydraulic position servo
field-oriented control, or vector control, is used in the desigfyntrol [5], optimal PMSM control [6], and induction motor
of the PMSM drive. Much research has devoted fresh attentiggn,o drive control [7], [8]. It is known that the VSC can
to the control of the PMSM [1]-[4], [6]. offer such properties as insensitivity to parameters variations,

From the designer’s viewpoint, linear state feedback contrgkternal disturbance rejection, and fast dynamic response.
is theoretically an attractive method for controlling a linear plant Generally, to design a conventional SMC system, there are
represented by a state-space model. The method has the tfilf design phases that must be considered, namely, the reaching
flexibility of shaping the dynamics of the closed-loop system tghase and sliding phase. The robustness of a VSC system re-

sides in its sliding phase, but not in its reaching phase. In other
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Fig. 1. System configuration of field-oriented synchronous motor.

controlled by this VSC strategy will guarantee the robustnessThe associated electromechanical equations are as follows:
for the PMSM position control system.

dwnm, _
Il. FIELD-ORIENTED PMSM Im =g+ Bmom =1 = 1o ©6)
The machine model of a PMSM can be described in the rotor dz;" =Wm @)

rotating reference frame as follows: [1]

_r d. R I 1 wherew,, is the rotor velocity and,,, is the rotor angular dis-
Ve Zhata T fista — Wsligly (@) placementy,, is the moment of inertia,, is the damping co-
_d. . , efficient, and the inverter frequency is related to the rotor ve-
vy =Ly gyiq + Rolg Tws Lata @) locity asw, = pon.
and The primary principle in controlling a PMSM drive is based
on field orientation. Since the magnetic flux generated from the
Ay =Lyiq (3) PMrotor is fixed in relation to the rotor shaft position, the flux
At =Lia + Limalfa. (4) position in thed—g coordinates can be determined by the shaft

position sensor. In (4), if, = 0, thed-axis flux linkage\, is

In the above equations, andv, are thed, g-axes stator volt- fixed. Sincel,,,4 andI;, are constant for a PMSM, the elec-
ages;q andi, are thed, g-axes stator currentd,; andL, are tromagnetic torqué is then proportional tg,, which is deter-
thed, g—axes inductances, and), are the, g-axes stator flux mined by closed-loop control. The rotor flux is produced only
linkages, whileR, andw, are the stator resistance and invertgn the d axis while the current vector is generated in ¢hexis
frequency, respectively. In (4), thig, is the equivalent-axis in the field-oriented control. Since the generated motor torque
magnetizing current, anbl,,, is thed-axis mutual inductance. is linearly proportional to thg-axis current, as thé-axis rotor

The corresponding electromagnetic torque production is flux is constant in (4), the maximum torque per ampere can be

achieved.
T = gp[Ldefdiq + (Lg — Ly)idiqg) (5) _The configuration of a field-_o_riented PMSM drive s_ystem
with conventional cascade position and speed control is shown
wherep is the pole number of the motor. in Fig. 1. The PMSM used in this drive system is a three-phase
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T,  pMSM drive system associated with the system (12). In (13), mafiixis positive
| definite, andQ is nonnegative definite. To find the optimal con-
g X T, - H (S) @1 |6, trol law, v*, the following Riccati equation:
| VSC-Based ‘ r s || ATP+PA-PbR'b'P+Q=0 (14)
Controller

is first solved. LetP be the solution for (14) and be nonnegative.
Thus, to yield a minimum index of (13), the control laWis as
follows:

_ T, _ 1.7\ T
Fig. 2. Simplified control system block diagram. vt =-klx=-(R 'p'P) x (15)

i i i _and the feedback gai’ = [k; k-] is defined as
four-pole 750-W 3.47-A 3000-r/min type. Using the field-ori-
ented mechanism, the PMSM drive system can be simplified to k=R 'pTP. (16)

the control system block diagram shown in Fig. 2, in which .
When system (12) is under the control of (15), the resultant

T, =Kv (8) closed-loop dynamics are given by
1
Hy(S) =55 ©) % =|A-bk'|x=Ax (17)

ket

The parameters of the experimental servo motor system in its
nominal condition ar&, = 1 N-m/V, .J,,, = 0.001 N-m/s*,and B. New Switching Surface Design

B,, = 0.0015 N-m/s, respectively. In additiom,is the inverter Here, a new switching function for sliding-mode position
torque command which is proportional to tip@xis current,.  control is designed as follows:

-t
I1l. RoBUST CONTROLLER DESIGN BY VARIABLE STRUCTURE o(x,t) = L [x — xo] — CTAC/ x(7)dr =0 (18)
0

In this section, based on the state-space equation of the motor
dynamic system and the introduced performance index, the garerex is system state anx}, is its initial value, andA... is de-
eral concepts of LQ method will be described. Thereafter, undared in (17). In additiong is a constant vector, which is chosen
the obtained feedback gain, a new robust controller will be d& make (18) simple but satisfiedb # 0. The choice for the
veloped to conserve the control performance designed by therent condition is? = [0 1/b], thenc®b = 1.

LQ method. It is obvious that, based on (12)(x,¢) = 0 during all the
] N control process. Therefore, for any chosen state feedback (15),
A. Nominal Condition the system possesses a sliding surface t) = 0 on which the

To design a desired controller using the LQ method, ttatate slides.
system must first be expressed in the state-space form. Consid- .
ering the electromechanical equations (6) and (7), they can e Perturbed Condition
expressed in the state-space form (10) with the externallpad For most of the system, the perturbation exists, then the linear
. optimal controlv* in (15) will neither minimize the perfor-
{?m} = [0 }; } {9’"} +[ (1) } T.— [ (1) } Tr. (10) mance index (13) nor maintain the sliding modéx,t) =
Wm 0 =721 [wm T T 0. Thus, the desired performance will be deteriorated and the
For position control, we redefine the new state variableand ~steady-state error will occur. To overcome the drawbacks of the

7o as LQ method, a VSC-based strategy will be added to the conven-
tional LQ-method-based control system.
{”71 =0 — 04 (11) For a more realistic condition, the nominal system (12) is
T2 = Wm rewritten as

wheref,; denotes the position command. Then, combining (10)

: . ; X x =(A + AA b + Ab d
with (11), the following new state-space equation without con- x=(A+ Jx+(b+ vt

e : - : 0 1 0
sidering the disturbancg;, is obtained: =
g L [0 a—i—Aa}X—i_[b—i—Ab}v—i_d (29)
x =Ax+bv = 0 1 X+ 0 v (12) where AA and Ab denote the uncertainties introduced by
0 a b
system parameters,,, B,,, and K;, and d represents the
wherea = — B,/ Jo, b = K;/Jp,, andx? = [z, x,]isthe external disturbance and its form is as
State. 0 0
In view of the LQ method, it is to find an optimal contref:, d= {d} = {;_L} . (20)

minimizing the performance index _ _
Equation (19) can be expressed in the form of

J:/ xTQx +vIRw) dt (13) .
- ) %= Ax+bo+p 1)
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wherep is the total perturbation given by Therefore, using the control law (24), the existent condition
of the sliding mode in the lemma is satisfied, and the dynamic of

p = AAx+ Abv +d. (22) the closed-loop system is governed by (17), which is designed

stable, so that state(t) will slide into the origin.

For the position control system, vectpiis of the form Remark: Because the system is in the sliding mode for the
controlled period, the state responses of perturbed system (19)

p= [0} ) will be totally the same as desired system (17), i.e., itis invariant

p all the time.

Then, (22) can be rewritten in scalar form as
IV. SIMULATION RESULTS

p=Lary+ Lbv+d. (23) Simulations are first done using the SIMNON software to

, . . . .verify the proposed control strategy. The controlled object is to
One’s object is to keep the system states on the S“dliﬁve the motor rotor to rotate 0.5235 rad, which is about 30

surface. Once the sliding modgx,¢) = 0 can be obtained ; . : "
during all the control process, the control system will reser Tehe parameters ofthe PMSM drive system in nominal condition

. . e been given in Section Il, and substituting them into (12),
as an equivalent system whose dynamics are the same as (?] ;
. . " : we have the state-space equation as
closed-loop dynamics in the nominal condition given by (17).
To reserve the nominal responses and control the states on the 0 . 0 0
sliding surface under the perturbed condition, a new control ig *1 | — *1
o P a‘:J [0 —1.5} [a:Q 11000 *F | 1000 | T2+ (29)

given as
T+ =v* — gsgn(o) To determine the feedback gainfor PMSM drive system,

— _k¥x — gsgu(o) matrices) and R in (13) are chosen as

= — k121 — koxo — gsgn(o) (24)
a-[" 0] m-n
wheresgu(-) is a sign function defined as
11, ifo>0 and the resultant feedback gainké = [1.1952 0.2702].
sgn(o) = { ~1, ifo<o. (25)  The poles of the closed-loop dynamic system are4#72 and

—267.228, respectively. To reduce the chattering of the SMC,
o has been defined in (18) ands defined as the upper boundthe smooth function is utilized in the control law (24), i.e.,

of the total perturbation (23), i.e.,
a

7= -kiTx—qg——
Mol +6

. oo whereé is a small positive constant chosen as 0.01.
Lemma: If the switching surface(x, ?) of the controlied The following approaches are presented for performance
system satisfies the following condition, then the existent con- g app P P

dition of the sliding modey (x, t) = 0, must be guaranteed [10] comparison. ) ]
1) Conventional LQ method:et the matrices) and R for
o5 < 0. (26) the performance index (13) be the same as the choice for

the proposed VSC-based approach.
Theorem: The position control given by (24) makes the 2) LQ method with integral feedback [9]To reduce the

sliding mode occur and stabilizes the system (19). steady-state error from the external disturbance, the
Proof: According to the lemma, the existence of the control is fed back through an integrator as is shown in
sliding mode of the proposed control can be derived as Fig. 3. The performance index is redefined as
. 1, a = T T A
oo =0 Zazg + ki1 + (kg - ng) J = (x Qx+u" Ru+u Su) dt
0
1 *
=0 {g[(a + Aa)zy + (b+ AbjuT] and matrices), R, andS are chosen as
a
+kix1 + (/{}2 — 3) 372} . (27) 100 0
a=[™ 0] n=o q-

Replacing the control input* with (24), one can obtain the

following inequality: Then, the new system has the system polesfa72 and

] p 33.3712 + 33.5039¢, respectively, and its dominant pole
oo Zo [3 - ngn(U)} <0. (28) —4.472 is similar to the that of the proposed approach.
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Simulated results for the nominal system are presented “3{ %

Fig. 4. It shows the position responses of three approachi

As one expects, owing to the similar dominant pole of the tw

LQ-method-based approaches, the trajectories for both syste ¢ i 2 3 4

are similar. As regards the response caused by the propo: Time(Sec)

VSC-based approach, it also shows the similar response as one

expects. It means that the trajectory controlled by the propodeal 6. Simulated results for system with load addetiat0 s and removed

VSC-based optimal approach is totally matched to the nomirfaf = 2

system, and this is what one desires. From Fig. 4, it is evident

that if one wants the system controlled by the LQ method witl the integral action. Besides the fact of reducing the steady

integral feedback to have the response similar to that by teegor to zero, the control system using the modified LQ method

LQ method in nominal condition, then some trial-and-erras still affected by the disturbance at the instant which the dis-

procedures may be needed for the modified LQ method to filarbance is added on. Observing the responses controlled by

a suitable feedback gain to reach this goal, such that the conti@ proposed new one, choosing an appropriate extra control

system with integral feedback can give the similar responsefasce ¢, the system response is independent of the disturbance

the system without the integral action. Nevertheless, it is nas Fig. 5 shows. Above all, the response is the same as that of the

necessary for the proposed new one to reach the goal. nominal system before and after the load is added. It is proved
In the following, effects resulting from the external disturthat the system controlled by the proposed optimal controller is

bances are given in Fig. 5. In those simulated results, ami-Ninvariant to the disturbance.

load is suddenly added to the position control system at timeAnother consideration for the proposed new optimal con-

1 s. It is obvious that the position response caused by the t@ller is that this new one just exists in the sliding phase but not

method shows a steady-state error, but the steady-state erram tee reaching phase. i.e., the system controlled by this new one

zero for the system based on the modified LQ method owirgrobust and invariant from the beginning of the control process.
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Fig. 7. Pentium-166-based PMSM position control system.

A load with 1.0 Nm is added at time O s and is removed at  (Radian)

time 2 s to evaluate this property. Fig. 6 shows the results und 5

this condition. The system controlled by the LQ method and LC g 5 -.-f??YQ?f_efl_methqqm
method with integral feedback is affected at these two instant (2)Modified LQ method
However, the system controlled by the proposed method is sti 04 === # = =1===-o-m-2ooes yoooooetoeones e
little affected; it shows a good property of robustness in the be 03
ginning and during all the control process. '

- --4

posed control scheme, a prototype PC-based PMSM optim
position control system is built and tested. The realized systel g 2f------emm---- G S
is composed of a Pentium PC, a 750-W PMSM, and anothe i ;

PMSM is axis coupled to the testing motor as the load. The pc 4 0f5 1 15 5

02p-ff---mmn R et e R

V. EXPERIMENTAL SYSTEM AND RESULTS O - ------------- ------------- --------------

A. Experimental System Setup 0] 72— ______________
To practically evaluate the actual performance of the pro 0 ke ______________

sition control algorithms are implemented by a Pentium 166 PC _
The position signals are sensed by a 2000 pulse/rev encoder & Time(Sec)

are fedback to the PC through a 16-bit up/down counter. The
corresponding mechanical velocity is computed in the PC. Thig. 8. Experimental position responses without external load.
main program for managing data input and output is written by

'86 series assembly language and the proposed optimal congr 4
strategy as well as the LQ-method-based control strategy a

developed in the mathematical coprocessor language of 3870 ing to the integral action, it exhibits a zero steady-state error,

samplmg frequency of 5 kHz is usedlln the position and v ind shows a similar response as compared with the one caused
locity control loop. The data of experimental results are cagl-

: . the proposed new controller. To compare the three trajecto-
lected in the PC; they are processed and printed out '[hl’OLt%g prop P J

) ; . with the simulated results in Fig. 4 for nominal condition,
MATLAB softwarg. T.he block diagram of this eXpe”mentatshows that experimental results match simulation results well
system is shown in Fig. 7.

except the one caused by the LQ method in Fig. 8, which is af-
) fected by the uncertainty and is not considered in the simulation.
B. Experimental Results Itis obvious that the desired responses can be easily obtained by

To show the validity and effectiveness of the proposed coff*e proposed new approach whether or not the uncertainty ex-
trol approach, the same position control object as the simuiats.
tion is adopted, i.e., a 0.5235-rad rotor displacement is set, and.oading effects of these three control approaches are shown
the feedback gain for three approaches are all the same amiRig. 9. The same as the setting of the simulations, a 1r9-N
Section 1V, their results will be shown and explained in the foload is suddenly added to the position system at time 1 s.
lowing. Fig. 9 shows the position responses controlled by these three

Fig. 8 shows the position responses of these three approachgsroaches. The trace controlled by the LQ method is affected
in which the external load is exclusive. In Fig. 8, observing th&eriously, and the other two traces still reach the desired
trace created by the LQ method, due to the motor uncertaginsition. However, the result controlled by the proposed control
parameters, friction and dead band of actuator, etc., the moapproach shows a good rejection for external load.

tem controlled by this simple method will result in a steady-
te error. As to the trace created by the modified LQ method,
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Fig. 10. Experimental position response with external load added=ab s
and removed at = 2 s.

As regards the problem of the hitting phase for the VSC, Fig.
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Fig. 11. Trajectory of switching surface for system of VSC-based controller
with the external load added &= 0 s and removed at= 2 s.

VI. CONCLUSIONS

An LQ method with VSC strategy for PMSM position control
has been presented. It was shown that the proposed optimal ap-
proach is theoretically robust to the plant parameter variations.
It can achieve a zero steady-state error for the step input as the
LQ method with integral feedback, and it is also invariant to the
external load. Simulations and experimental results show that
the proposed optimal control strategy can give quite as accurate
responses as the nominal condition in the face of external load
disturbance and parameter uncertainty.

(1

(2]

[4]
10

demonstrates these controlled results. In Fig. 10, the trace®l
(1) and (2) are much affected by the external load at these
two instants, which are when the load are added and removeds]
Above all, for the sake of removing the steady-state error,
the modified LQ method has a more serious undershoot angy,
overshoot as compared with the LQ method. However, these
effects from the load do not occur for the result controlled by

the proposed approach. Particularly, the system is in the slidinég]

phase throughout the control process, as Fig. 11 shows. The

control system controlled by the proposed approach completely®!
overcomes the effects resulting from the external disturbancg,

and preserves the desired response as (B of Fig. 10 shows.
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