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Abstract — Current and voltage saturation can significantly degrade the dynamic performance of permanent
magnet synchronous motor (PMSM) drive systems by causing integrator windup in proportional—integral
(PI) controllers. This paper explains an exhaustive search optimization approach for determining the
optimal anti-windup gain of a Pl-based PMSM speed controller formulated in the synchronous d-q
reference frame. The dynamic model here incorporates the electrical and mechanical equations of the
PMSM together with cross-coupling compensation, current limitation, voltage vector saturation, and a soft
speed-limiting mechanism. A weighted multi-criteria objective function is formulated by combining the
Integral of Time-Weighted Absolute Error (ITAE), maximum overshoot, steady-state speed error, and
speed-limit violation. The objective function is evaluated for each candidate anti-windup gain within a
predefined search space using an exhaustive search optimization procedure, and the gain corresponding to
the minimum objective value is selected as the optimal solution. The complete mathematical modeling,
numerical simulation, performance evaluation, and optimization framework is developed and implemented
in the Wolfram Mathematica environment. Simulation results demonstrate that the optimized anti-windup
gain significantly improves the transient response, reduces overshoot and steady-state error, mitigates
integrator windup under saturation conditions, and effectively enforces the prescribed speed limit. The
proposed optimization framework provides a simple, systematic, practical, and computationally efficient
methodology for tuning anti-windup PI controllers in PMSM drive applications operating under current
and voltage constraints.

Keywords —Permanent Magnet Synchronous Motor (PMSM),; Anti-windup Control; PI Controller; Exhaustive Search
Optimization; Wolfram Mathematica; Speed Control.

I. INTRODUCTION

Permanent Magnet Synchronous Motors (PMSMs) have become one of the most widely adopted electric
machines in modern industrial, commercial, and household applications owing to their high efficiency, high
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power density, superior torque-to-inertia ratio, fast dynamic response, and compact structure [1-4]. Unlike
induction motors, PMSMs employ permanent magnets mounted on or embedded within the rotor, thereby
eliminating rotor copper losses and improving overall energy efficiency. These advantages have led to their
widespread use in electric vehicles, industrial automation, robotics, aerospace systems, renewable energy
conversion, and high-performance servo drive applications [2-5].

The dynamic performance of PMSM drive systems largely depends on the effectiveness of the control
strategy. Proportional-Integral (PI) controllers remain the most widely employed control algorithm in
industrial motor drive applications because of their simple implementation, low computational complexity,
and satisfactory steady-state performance. However, the performance of PI controllers can deteriorate
significantly under actuator saturation caused by current and voltage limitations. During saturation, the
integral component continues to accumulate the control error, resulting in the well-known integrator windup
phenomenon. Integrator windup generally leads to excessive overshoot, prolonged settling time, degraded
transient performance, and even instability under severe operating conditions [6],[7].

To alleviate these problems, various anti-windup techniques have been proposed in the literature,
including conditional integration, tracking back-calculation, integrator clamping, and model-based
compensation methods [8],[9]. Among these approaches, the back-calculation anti-windup technique has
attracted considerable attention because of its simple implementation, robustness, and compatibility with
conventional PI controllers. Nevertheless, the dynamic performance of the controller strongly depends on
the proper selection of the anti-windup gain. An inappropriate gain may either slow down the controller
recovery after saturation or introduce undesirable oscillations into the closed-loop response.

Although numerous studies have investigated PI tuning methods for PMSM drives, relatively limited
attention has been devoted to the systematic optimization of the anti-windup gain using multiple dynamic
performance criteria. Furthermore, many existing studies focus primarily on controller implementation
without providing a comprehensive evaluation of the trade-offs among transient response, overshoot,
steady-state error, and speed-limit enforcement.

In here, an exhaustive search optimization methodology for determining the optimal anti-windup gain of
a PI-based PMSM speed controller formulated in the synchronous d-q reference frame is discussed. A
weighted multi-criteria objective function combining the Integral of Time-Weighted Absolute Error
(ITAE), maximum overshoot, steady-state speed error, and speed-limit violation is considered to evaluate
the controller performance. The complete mathematical modeling, numerical simulation, and optimization
framework is implemented in the Wolfram Mathematica environment. The proposed methodology provides
a simple, practical, systematic, and computationally efficient procedure for tuning anti-windup PI
controllers operating under current and voltage saturation constraints.

II. DQ MODELLING AND CONTROL ANALYSIS OF THE PMSM

The dynamic model of PMSM employed in this study is formulated in the synchronous rotating dq
reference frame[10-12]. The machine parameters used throughout the numerical simulations in
Mathematica program are summarized in Table I. The dq mathematical model consists of the electrical
equations, electromagnetic torque equation, and mechanical motion equation, which are employed to
evaluate the dynamic performance of the proposed anti-windup control strategy [12-15].

Table 1. Motor Parameters

Specifications Values Expla.n atlo.n s of Units
Spesifications
Vph 240 Applied Voltage \
Ld 0.0058 D axis inductances H
Lq 0.0066 Q axis inductance H
P 6.0 Total pole number
Rs 10.0 Stator resistance Q
Am 0.1746 Mututial Flux Weber
J 0.00176 Itertia Moment kg -m?
B 0.0001 Friction Coefficet N-m-s/rad
T 7.0 Motor Load N'm
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The d-axis and g-axis stator voltage equations of the PMSM in the synchronous reference frame are
expressed as

di
_ . d .
v, =R, +L,—-a,L,i,

di M
v,=R i +L, 7: +w,(L;i,+1))

where v4 and v, denote the stator voltages, iy and i, are the stator current components, Rg is the stator
resistance, Ly and L, are the d-axis and g-axis inductances, respectively, and w. represents the electrical
angular speed. Rearranging (1) the state equations:

di, ]

-~ (v,~Ri +awli
dt Ld (vd Sld e qlq) (2)
di, 1 , '
E:L—(Vq —RS lq -, (Ld 1, +lm))

q

The electromagnetic torque developed by the PMSM is given by

3P . ..
T.=25 Gl + (L ~L)ii) ()

m "q

The rotor mechanical dynamics are described by

dow,
dt

J =T -T,-Bo, @)

where J denotes the rotor moment of inertia, B is the viscous friction coefficient, Ty is the load torque,
and om 1s the mechanical angular speed.
The speed error is defined as

The q ve d axis currents references are generated by the PI controller

i =K e +K, |edt
oo oJe. ()
i,=0

while the d-axis current reference is selected as to maximize the torque-per-ampere operation below the
base speed. To evaluate the effectiveness of the proposed controller, several performance indices are
studied. The Integral of Squared Error (ISE), Integral of Absolute Error (IAE), Integral of Time-weighted
Absolute Error (ITAE), maximum overshoot, steady-state error, speed-limit violation, and the weighted
objective function are used as optimization criteria. Their mathematical definitions are presented in the
Table II. The following performance indices are employed to evaluate the dynamic performance of the
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PMSM speed control system and to define the optimal anti-windup gain for the exhaustive search
optimization method.

Table 2. Performance Indices used in the Optimization Process

Symbol Full Name Mathematical Definition Purpose
Kaw Anti-windup gain - Optimization variable
ISE Integra}li(r)rfofquared ISE = J. e? (t) dt Penalizes large tracking errors
IAE IntegraIE(;f(;?bsolute IAE = f le(t) | dt Measures total accumulated error
InFegral of Time- _ Strongly penalizes long-lasting
ITAE we1ghticgcll’r f;rbsolute ITAE = f tle()| dt erTors

Final speed

Final rotor speed

Wfinal

Represents the steady-state

response
Maximum speed Peak rotor speed Wmax Determines the transient peak
Maximum O — @
max ref .
Overshoot percentage M, = ® X 100 Evaluates the transient response
overshoot ref

Steady-state error

Final tracking error

€ss = |(‘)ref - wfinall

Evaluates steady-state accuracy

Limit violation

Speed-limit
violation

Viimit = max(0’ Wmax — Wiimit)

Evaluates constraint satisfaction

Objective

Weighted objective

J = WiITAE + w, M2 + wse? + w, Vi,

Overall optimization criterion

function

Among the considered indices, ITAE is selected as the principal tracking-performance criterion because
it assigns a larger penalty to errors that persist for a longer duration. Maximum overshoot and steady-state
error are included to ensure satisfactory transient and steady-state performance, whereas the speed-limit
violation term prevents solutions that exceed the prescribed operating constraint. The weighting coefficients
wl, w2, w3, and w4 determine the relative importance of these criteria and should be selected consistently
with the optimization Mathematica code.

III.  DISCUSSION AND RESULTS

In this section the analysis results and visualization are is discussed. Table III shows the effect of the
anti-windup gain (Kaw) on the PMSM speed control performance. As the anti-windup gain increases from
30 to 100, the ISE, IAE, ITAE, overshoot, and objective function consistently decrease, while the steady-
state speed remains at the 1000 rpm reference with negligible steady-state error. The speed limit is not
violated for any tested value of Kaw. Among the evaluated cases, Kaw=100 provides the best overall
dynamic performance, yielding the minimum objective value and the lowest overshoot.

Fig.1 illustrates the transient speed responses of the PMSM drive system for different anti-windup gain
values. As the anti-windup gain increases, the dynamic response becomes progressively faster while the
overshoot decreases considerably. For relatively small values of Kaw, the controller suffers from slower
recovery after saturation because the accumulated integral action is released gradually. Consequently, larger
overshoot and longer settling times are observed. Increasing the anti-windup gain improves the discharge
of the integral component during saturation, allowing the controller to recover more rapidly. Among all
investigated cases, Kaw=100 provides the fastest response with the smallest overshoot while maintaining
the desired reference speed without violating the prescribed speed limit.
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Table 3. The effect of the anti-windup gain (Kaw) on the PMSM speed control performance

Final Maximum Overshoot | Steady-state Limit
Ku, | ISE IAE ITAE | speed speed r y violation | Objective
(%) error (rpm)
(rpm) (rpm) (rpm)
—2.64033
30 290.172 | 4.63145 | 0.166564 1000 1089.53 8.95308 % 10-8 0 0.968141
40 289.002 | 4.50019 | 0.150396 1000 1089.53 8.95308 i‘;5()7_4;8 0 0.951973
50 288.230 | 4.41491 | 0.140949 1000 1088.02 8.80157 101%7_689 0 0.915625
1.14781
60 287.570 | 4.34789 | 0.134212 1000 1063.18 6.31775 % 10-8 0 0.533351
—1.13590
70 287.224 | 4.30074 | 0.129656 1000 1040.32 4.03246 % 10-8 0 0.292263
6.33224
80 287.078 | 4.26953 | 0.126692 1000 1024.57 2.45651 % 109 0 0.187036
1.42226
90 287.023 | 4.25016 | 0.124852 1000 1014.04 1.40355 % 10-8 0 0.144552
1.25411
100 287.011 | 4.24004 | 0.123860 1000 1007.38 0.737942 % 10-8 0 0.129306
Speed (rpm)
1000 ;;----r---_f%-xﬁ-------{-------f-------
0 I I I I I
800 —: : : : : : ——— Kaw = 30.
[m | | | | |
] l l l l l Kaw = 40.
600 [« ! I I I I Kaw = 50.
] 1 | | | |
_: : : : : : e K AW = 60,
400 |! : : : : : — Kaw = 70.
E : : : : : — K AW = 80.
200 r : : : : : Kaw = 90.
3 | | | | |
[ | | | | | Kaw = 100.
0 B — Time (s
0.00 0.05 0.10 0.15 0.20 0.25 0.30 © e Reference speed

Fig. 1 Speed Responses for different Anti-Windup gains.

Fig. 2 demonstrates the controller behavior under current and voltage saturation conditions. The proposed
anti-windup mechanism effectively suppresses excessive integral accumulation during saturation and
prevents prolonged recovery after the saturation period. As a result, the control signal remains bounded and
oscillatory behavior is significantly reduced. The optimized anti-windup gain enables a smooth transition
between saturated and unsaturated operating regions, thereby improving the overall stability of the PMSM
drive.
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Fig. 2 Actual dq Currents for Kaw=100.

Fig. 3 presents the variation of the multi-criteria objective function with respect to the anti-windup gain.
The objective function combines ITAE, overshoot, steady-state error, and speed-limit violation into a single
optimization criterion. As the anti-windup gain increases, the objective function decreases continuously,
indicating simultaneous improvements in all considered performance indices. The global minimum is
obtained at Kaw=100K {aw}=100Kaw=100, confirming that this gain provides the best compromise
between transient performance, steady-state accuracy, and speed-limit enforcement.
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Fig. 3 DQ voltages for Optimal Kaw=100.

Figure 4 summarizes the overall optimization results obtained by the exhaustive search procedure. The
optimization successfully identifies the anti-windup gain that minimizes the proposed weighted objective
function while satisfying all operating constraints. Unlike conventional trial-and-error tuning, the
exhaustive search systematically evaluates every candidate solution and guarantees selection of the best
feasible gain within the predefined search interval. The obtained results demonstrate that the proposed
methodology offers a practical and computationally efficient tuning strategy for PMSM speed control
systems operating under current and voltage saturation.
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Fig. 4 Objective function versus Anti-Windup gain.

Algorithm 1 presents the pseudocode of the proposed exhaustive search optimization algorithm
implemented in Wolfram Mathematica.

Table 4. Algorithm 1. Proposed Exhaustive Search-Based Anti-Windup Gain Optimization

procedure OPTIMIZE ANTIWINDUP GAIN
Input:
PMSM parameters
PI controller parameters
Kaw candidate set
for Kaw =30:10: 100 do
Solve PMSM differential equations
if Solution is valid then
Compute ITAE
Compute Overshoot
Compute Steady-state Error
Compute Speed-limit Violation
Evaluate objective function J
Save {Kaw,J}
end if
end for
Kawopt « arg min(J)
Return Kawopt
end procedure

The proposed exhaustive search-based procedure for determining the optimal anti-windup gain is
presented in Table 4. Each candidate K, value is evaluated through a closed-loop PMSM simulation. For
each valid solution, the ITAE, percentage overshoot, steady-state error, and speed-limit violation are
calculated. Subsequently, the corresponding weighted objective function is evaluated, and the K, value
that produces the minimum objective-function value is selected as the optimal anti-windup gain, Kg,, opt-

IV.  CONCLUSION

This paper presents an exhaustive search optimization methodology for determining the optimal anti-
windup gain of a Pl-based PMSM speed controller operating under current and voltage saturation
constraints. A complete mathematical model of the PMSM formulated in the synchronous dq reference
frame has been implemented in the developed Wolfram Mathematica environment together with current
limitation, voltage vector saturation, cross-coupling compensation, and a back-calculation anti-windup
mechanism. A weighted multi-criteria objective function combining the ITAE, maximum overshoot,
steady-state speed error, and speed-limit violation was employed to evaluate the controller performance.
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The exhaustive search algorithm systematically investigated the predefined anti-windup gain interval and
successfully identified the optimal gain that minimizes the objective function. Simulation results
demonstrated that increasing the anti-windup gain considerably improves the transient response by reducing
overshoot, accelerating recovery after saturation, and maintaining negligible steady-state error while
satisfying the prescribed speed limit. Among the investigated candidates, the optimized gain produced the
best overall dynamic performance according to all considered performance indices.

The proposed optimization framework is simple to implement, computationally efficient, and does not
require complex metaheuristic algorithms. Therefore, it provides a practical alternative for tuning anti-
windup PI controllers in PMSM drive applications. Future work will extend the proposed approach toward
multi-parameter controller optimization, experimental validation on a real-time PMSM platform, and
comparison with modern optimization algorithms such as Genetic Algorithms, Particle Swarm
Optimization, and Bayesian Optimization.
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