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1. INTRODUCTION

Induction motors (IMs) have gained widespread acceptance and become the primary power source in
numerous sectors, such as manufacturing, agriculture, and household applications. It is due to the merits of
such motors, including robustness, reliability, simplicity, cost-effectiveness, low maintenance requirements,
and high efficiency [1], [2]. In addition, for some specific applications, e.g., pumps, compressors, elevators,
electric vehicles, and military technology, high-precision control is usually required for variable speed drives
(\VSDs) and can also enhance the drive system performance [3], [4]. Because the field-oriented control (FOC)
method, which can also be called a vector control method, offers a fast dynamic response, low torque ripple,
and good tracking accuracy, it would be the best alternative for high-precision control of IM drives [5], [6].

Based on the principle of the FOC method, the rotor flux-linkage can be independently controlled
through the d-axis current, while the g-axis current is used to produce the induced torque corresponding to the
load-torque requirement [7]. Consequently, the rotor flux-linkage and torque can be controlled separately.
Since there are three feedback control loops for the speed control of the FOC method, in which the speed and
g-axis current control loops are cascaded, an inappropriate design of bandwidths and controller gains can
influence the drive performance [8]. Therefore, numerous approaches have been proposed to enhance the
tracking accuracy and dynamic response of the controllers. Fuzzy logic is applied instead of the speed controller
for the IM drive [9], [10], and an artificial neural network is also presented in [11] to compensate for the current
controller gains, resulting in a robust IM drive system. Similarly, a model predictive control (MPC) is utilized
to calculate stator reference voltages to generate switching signals for the voltage source inverter (VSI) instead
of using current controllers [12]. Complex vector controller is presented for reducing the effects of cross-
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coupling and providing robustness to parameter variations [13]. Kuperman [14], explained a resonant current
controller is considered for synchronizing the frequency response to handle harmonics that disturb the drive
system, and it is also improved for simple implementation in [15]. Besides, the dynamic response of the speed
controller is improved in terms of overshoot presented in [16] and [17] by using the IP controller, and a robust
drive system, e.g., inertia variation, parameters variation, and load disturbances, can be achieved by considering
a two-degree-of-freedom controller configuration in the speed control loop [18], [19].

Although the several methods offer good performance, the computational burden and complexity of
usage remain significant concerns. Nevertheless, since the proportional and integral (PI) controller can offer
sufficient dynamic response, good tracking performance, a simple structure, and ease of implementation, it is
still widely considered in motor drive systems [8]. The Pl controller gains can usually be determined by using
either the pole-zero cancellation (PZC) method [20]-[22] or the pole placement (PP) method [23], [24]. Even
though the PZC method is simple, the closed-loop transfer function of the tracking system is reduced to first
order. In contrast, for the PP method, the characteristic equation of the closed-loop transfer function is mainly
utilized. Both the damping ratio and natural frequency have to be defined properly [25], which can directly
affect the drive system’s performance, resulting in more complexity than the PZC method. Consequently, the
dynamic response and tracking accuracy of both controller design methods should be realized.

This article presents a comparative analysis of the IM drive system performance, regarding dynamic
response and tracking accuracy, influenced by the controller design between the PZC and PP methods. The
bandwidth of controllers for both methods is set equally based on the FOC strategy. The overall performance
comparison of both controller design methods is verified by simulation results.

2. INDUCTION MOTOR AND FIELD-ORIENTED CONTROL
2.1. Mathematical model

The d-axis and g-axis stator voltages and induced torque that have been arranged in the synchronous
reference frame are given in (1)-(3), respectively.

., di . L
Vis = Rslds + O-Lsd;zs - weo-leqs - Rrﬁwdr (1)
— R" L % L.i Lm 2
vqs - slqs +o S dat + WO Lgslgs + Wgy Ly Izbdr ( )
Tp = 2P (arigs — Yarias) ®)
e, Ly drtlqs qrtds

Where Rs = Rs + Rr(Lm/L/)? denotes stator transient resistance, Ry is rotor winding resistance, Ln is mutual
inductance, Ls, L, are stator and rotor inductances, respectively, w, s are electric angular and slip velocities,
P is pole pairs, war, wer are rotor flux-linkage of d- and g-axes, respectively, and o = (1 — (L%,/LsL,)) is
leakage coefficient.

The induced torque can also be represented by considering the mechanical elements, as given in (4).

dwm

T, =]+ Bw, +T, 4)
Where J, B denote moment of inertia and friction coefficient, respectively, an is mechanical angular velocity,

and T is the load-torque.

2.2. Field oriented control of induction motors

The FOC strategy, as shown in Figure 1, is the vector control method that have been widely applied
in induction motor drive systems due to low-torque ripple and low acoustic noise. This approach allows both
rotor flux-linkage and torque to be controlled separately through the control of d-axis and g-axis currents,
respectively [7]. Indeed, the d-axis reference current is defined by (5), while the g-axis reference current is
determined in accordance with the speed control loop [18]. The slip angular velocity and electrical angular
position, which are utilized in the FOC system, can be calculated by (6) and (7), respectively.

_ 1pdr

igs = o (®)
— Rrigs
Wg) = Ly igs (6)

Int J Pow Elec & Dri Syst, Vol. 16, No. 1, March 2025: 129-137



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 131

ee = fwe dt = f(wsl + wm) dt (7)

Where s is slip angular velocity in rad/s, and * indicates the reference value.

The closed-loop diagrams with the Pl controller of both d-axis current and speed controls are
expressed in Figures 2(a) and 2(b), respectively. Those can also be arranged into the closed-loop transfer
function that is utilized to design the controller gains of d-q axis currents and speed control loops, as
given in (8)-(10) [20].

igs(s) _ skpcdtkicd

= : 8
ifis(s) 52(UL5)+S(Rs+kpc,d)+kic,d ( )
igs(s) _ Skpc,qgtKicgq (9)
igs(s) 52(GLs)+5(R;+kpc,q)+kic,q
wm(s) _ (Skps+kis)kT

(10)

win(s)  s2J+s(B+kpskr)+kiskr

Where s denotes a complex frequency domain in Laplace transform, Ky, Kicd, Kpc,q, Kic,q are proportional and
integral gains of d-axis and g-axis current controllers, respectively, kps, kis are proportional and integral gains
of speed controller, and kr = 1.5 (Lm/L+)-P war.
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Figure 1. Control diagram based on the FOC method for three-phase induction motors
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Figure 2. Current and speed controls with the PI controller: (a) d-axis current and (b) speed
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3. CONTROLLER DESIGN METHODS
3.1. Pole-zero cancellation method

The pole-zero cancellation (PZC) method is generally employed to design the PI controller gains in
both DC and AC drive systems due to its simplicity, where only machine parameters and bandwidth selection
are required. For the current control loop, as illustrated in Figure 2(a), the zero of the PI controller (-Kic 4 /Kpc,q)
is set to cancel the dominant pole of the motor (-Rs/oLs), leaving only the zero at the origin. Accordingly, the
closed-loop transfer function of the current control will be reduced to first-order [20], [21]. The bandwidth of
the current control loop is normally defined as at least 10 times lower than the switching frequency (fs) [7]. The
current controller gains of both d-axis and g-axis PI controllers can simply be designed by (11) and (12),
respectively.

kpc,d = 0Lswp, kic,d = R;wbc (11)
kpc,q = astbc ’ kic,q = R;wbc (12)

Where w is the bandwidth of current control loop, wie = 27f/10.

For the speed control loop, as expressed in Figure 2(b), the closed-loop transfer function consists of
the mechanical components mentioned in (4). The controller gains can be determined similarly to the case of
the current control loop, which the zero of the PI controller (-kis /kps) is designed to cancel the dominant pole
of the speed control loop (-B/J). The torque constant (kr) is considered to transform the toque quantity into the
g-axis reference current to support the current control loop based on the FOC strategy, as illustrated in
Figure 1. The PI controller gains for the speed control loop can be designed by (13).

_Jwp _ Bwp
ps =T, ki = (13)

Where ks, kis are proportional and integral gains of speed controller, respectively, and wus is the bandwidth of
speed control loop, wws = wnc/10.

3.2. Pole placement method

The pole placement (PP) method is based on an analysis of the closed-loop transfer function of the
IM, as mentioned in (8)-(10) for the d-q axis currents and speed control loops, respectively. In this method, the
denominator of the closed-loop transfer function expressed in the s-domain, which has been called the
characteristic equation, is arranged into the second-order polynomial function that is commonly considered in
the control system. For the d-axis current control loop, the characteristic equation can be arranged and
compared to the control function that consists of damping ratio (&) and natural frequency (an), as shown
in (14). Definitely, it can be considered identically for the g-axis current control loop. In order to achieve high
performance in the drive system, the damping ratio and the natural frequency should be defined appropriately
because they can directly affect the dynamic response and steady-state performance of the controller.

JER (Rs‘jj’ipc.d) + % = s+ wans + wTZl (14)

The natural frequency can be presented in a related equation of the bandwidth and damping ratio, as
given by (15) [22], [23]. The bandwidth is simply defined as a function of the switching frequency, while the
damping ratio can be set at 0.707 (& = 0.707), which is the optimal point of the second-order
polynomial function in the control system [23], [24]. Indeed, it can be considered similarly in the case of the
speed control loop.

Wy = b (15)
J1-2gre i

By considering the characteristic equation expressed in (14), the current controller gains of both
the d- and g-axes can be designed as given in (16) and (17), respectively.

kpc,d = O-Lsszn - R; , kic,d = O-strzz (16)

Kpeq = 0Ls2§wy, — Ry, kicq = oLsw} (17)
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For the speed control loop, the closed-loop transfer function is utilized, as aforementioned in (10), in
which the moment of inertia and friction coefficient are considered. The denominator of the speed transfer
function is similarly arranged to be the second-order polynomial function, as in the case of the current control
loop indicated in (14). Hence, the PI controller gains based on the PP method of the speed control loop can be
determined as given by (18).

2§wn))-B 7
kps = ¢ wkT) ) kiS = O;{_T (18)

It is noted that the saturation of integration in both current and speed control loops based on the PP
method might happen due to the high integral gain, which is proportional to the squared natural frequency, as
mentioned in (16)-(18). Therefore, the anti-windup is crucially required to avoid the over-integration in the
controller [25], but it might not be required in the PZC method. However, the closed-loop transfer function

based on the PZC method is reduced to the first-order, which might affect the drive system’s performance.

4.  SIMULATION RESULTS VERIFICATION

A squirrel cage type three-phase induction motor 4.3 KW is considered to demonstrate the dynamic
performance of both current and speed controllers caused by the design methods. The motor parameters are
indicated in Table 1. The d-axis current reference is set at 6.3 A, corresponding to the rotor flux requirement
of the motor. The current and speed controller gains of both controller design methods are given in Table 2.
The switching frequency is set at 10 kHz, which is used to define the bandwidth and natural frequency, while
the damping ratio is set at the optimal point (&£ = 0.707) for both current and speed control loops. The FOC
strategy is used in the drive system implemented by the MATLAB/Simulink program. The voltage source
inverter (VSI) is triggered based on the space-vector pulse width modulation (SVPWM) switching technique.
Both controller design methods, i.e., PZC and PP methods, are compared and validated in terms of dynamic
response performance and tracking accuracy.

Table 1. Motor parameters

Parameters Symbols Values
DC-link voltage Ve 600 V
Base speed y 1,450 rpm
Rated current In 120 A
d-axis reference current i%s 6.3A
Armature winding resistance Rs 0.711 Q
Rotor winding resistance Rr 0441 Q
Leakage inductance of stator Lis 3.209 mH
Leakage inductance of rotor Lir 4.594 mH
Mutual inductance Lm 69.78 mH
d-axis rotor flux Viar 0.4449 Wh
Moment of inertia J 0.0138 kg'm?
Friction coefficient B 0.000503 Nm's
Number of pole pairs P 2
Leakage coefficient o 0.1030187

Table 2. PI controller gains setting
Controllers  PZC method PP method

fs 10 kHz

Whe 6283.185 (rad/s)

Wps 628.318 (rad/s)
Koc.d Kpe,g 47.244 65.694
Kic.d, Kic,q 6906.5 296760

Kps 8.6708 12.2582

Kis 0.3160 5446.4

Figure 3 shows the torque response compared between the PZC and PP methods. The load torque is
set as a unit step, which rapidly changes from no-load (0 Nm) to 5.0 Nm at 0.2 s, while the motor speed is
maintained at 500 rpm to verify the current control loop performance. The results show that the PZC method
provides a percent overshoot (%0S) of around 26%, as illustrated in Figure 3(a), lower than the PP method,
which is approximately 32%, as shown in Figure 3(b). It also corresponds to the result of the g-axis current
following the principle of vector control, as shown in Figure 4, in which the overshoots of the g-axis current
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of the PZC and PP methods are around 30% and 36.2%, respectively. However, the dynamic response of the
torque and g-axis current based on the PP method is faster than the PZC method. The rise time (t;) and settling
time (ts) of the g-axis current based on the PZC method are around 0.331 ms and 1.621 ms, respectively, while
those results of the PP method are about 0.214 ms and 1.191 ms, respectively. Figure 5 shows the tracking d-
axis current of both controller design methods. The rotor flux can achieve the setting value corresponding to
good tracking of the flux-generated d-axis current. Furthermore, the PP method can also provide a better
tracking accuracy of the machine speed than the PZC method, as specified in Figure 6. By maintaining the
reference speed at 500 rpm operating with the load torque change conditions as abovementioned, the steady-
state error (ess) of the machine speed based on the PZC method is approximately 0.2132%, while it is 0.0001%
for the PP method, which is nearly zero. It should be noted that, for the current control loop verifications,
although the PZC method can provide a low percent overshoot compared to the PP method, when the load
torque suddenly changes, the PP method exhibits the merit of fast dynamic response and good tracking
accuracy that can be observed from the steady-state error.
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Figure 3. Torque response with a maintained speed of 500 rpm: (a) PZC and (b) PP
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Figure 4. g-axis current response with a maintained speed of 500 rpm: (a) PZC and (b) PP
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Figure 5. d-axis current response with a maintained speed of 500 rpm: (a) PZC and (b) PP
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Likewise, for the speed control loop verifications, the reference speed is initially defined at 500 rpm
and suddenly changes to 1,000 rpm at 0.2 s in both no-load and with-load torque conditions, as illustrated in
Figures 7 and 8, respectively. For the no-load condition, the steady-state errors of the PZC method are around
0.068% with the speed at 500 rpm and 0.05% at 1,000 rpm, as indicated in Figure 7(a). Meanwhile, based on
the PP method, the steady-state errors for the speed at 500 rpm and 1,000 rpm are almost zero, as shown in
Figure 7(b). Because the controller bandwidth of both methods is equally defined, the dynamic responses of
the machine speeds are also the same. For the with-load torque condition, the PP method can also provide
excellent tracking accuracy of the speed control loop rather than the PZC method in which corresponds to the
results in the case of the no-load condition, as shown in Figure 8.

Although the PZC method is quite simple to define the controller gains where only inductance and
resistance of stator winding are required, the tracking accuracy of the speed control is still the main weakness
point. The results show that the PP method can provide an outstanding dynamic response and better tracking
accuracy performance than that of the PZC method in all verified conditions.

700
|
—_ |
£ 500 ‘
=" |
= T
|
T 300 } |
2 : :
75} | |
100+ R et 495 ————————— 100 - } 495 ———- ——— -
1 0.2 0.292 0.204 10.206 0 : 0.2 0.292 0.204 :0.206
0 i i Il I i
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s) Time (s)
(@) (b)
Figure 6. Speed response with a maintained speed at 500 rpm: (a) PZC and (b) PP
1500 T 1500 T
e“=04068% : :
1250 516 T 1250 {510 ———
—~ | | | - |
g 1000 | 500 | L ‘ =] 1000 | 500 ‘ L
= 490 —r—— ! o) 90 I
o 75000 010 oisi /o b st = 750005 (‘5.10 0.15
8 1010 8 | 1010
= 300 ! 1000 = 500 i T 1000 e ]
|
250 - : 990 250+ | 990
| 030 035 | 040 | 030 035 | 040
oLt———- B I S B S S S R 0 I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 02 03 0.4 0.5 0.6
Time (s) Time (s)
(@) (b)
Figure 7. Speed response with no-load conditions (T, =0 Nm.): (a) PZC and (b) PP
1500 1500
1250 1250 510 T ‘
—~ ~_ !
E 1000 E 1000 1> ! :
g 490 y g 490 . |
- 750 | 005 ‘.L(L,D.li ,,,,,,,,,,,, " emnt - st 750 0.05 0.10. _ 0.15 :
8 | 1010 8 1010
& 500 | L1000 r— = 300 1000
| |
250 ; ! 990 250t 990 — 1
| | 030 035 | 0.40 030 035 | 0.40
0 1 | i 0 i I | i 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s) Time (s)
(@) (b)

Figure 8. Speed response with-load torque condition (T, = 5.0 Nm.): (a) PZC and (b) PP
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5. CONCLUSION

Pole-zero cancellation (PZC) and pole placement (PP) methods, which both are commonly used to
define the controller gains for motor drive systems based on field-oriented control (FOC) strategy, have been
compared in terms of dynamic response and tracking accuracy performance in this paper. The test conditions,
including: i) The load torque rapidly changing with the maintained speed and ii) The speed changing in no-
load and with-load torque conditions, are considered to validate the controller performance. The results show
that the PP method exhibits a faster response than the PZC method. When the load torque changes, the rise
time and settling time of the g-axis current based on the PP method are about 0.214 ms and 1.191 ms,
respectively, while in the case of the PZC method, they are 0.331 ms and 1.621 ms, respectively. It also
corresponds to the result of the torque response. Furthermore, the PP method can provide better tracking
accuracy than the PZC method in all verified conditions.
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