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Precise position control of AC induction motors is essential in various industrial applications, including robotics,
machine tools, and automated manufacturing systems. The main challenges arise from the nonlinear dynamics of
induction motors and the lack of inherent position feedback. This study proposes a three-tier cascaded control
architecture integrating a PD position controller, a Pl speed controller, and a Field-Oriented Control (FOC) current loop,
with a 1:10:100 bandwidth hierarchy among the loops. This design ensures effective dynamic decoupling and global
asymptotic stability, verified through Lyapunov-based analysis, including robustness against rotor parameter
uncertainties up to +20%. Numerical simulations on a 1.5 kW induction motor demonstrate a rise time of 0.157 s,
settling time of 0.267 s, overshoot of 9.8%, steady-state position error of 0.0008 rad, and disturbance rejection of a
2 N-m load in 95 ms. FOC implementation maintains rotor flux within +0.1% and peak efficiency of 91% at rated
torque. These results confirm that the proposed cascaded three-tier FOC architecture achieves fast, accurate, and
stable position control suitable for industrial servo applications and can be extended to other AC motor types with
parameter adjustment and flux control strategies.
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1. Introduction

Precise position control of induction motors (IMs) is a critical requirement in many industrial applications
such as robotics, machine tools, and automated manufacturing systems. Induction motors are widely
adopted due to their simple construction, ruggedness, low cost, and reliability. However, the nonlinear
dynamics of induction machines and the absence of inherent position feedback present significant
challenges for accurate position regulation in closed-loop control systems.

Field Oriented Control (FOC), also known as vector control, is a well-established approach for AC drives
that enables independent regulation of flux and torque, similar to DC machines. Seminal work by Blaschke
and Hasse laid the foundation for FOC, while modern implementations employ Park transformations to
decouple three-phase motor variables into dg-axis components for independent torque and flux control [1],
(2], (3], [4]). High-bandwidth FOC controllers enable fast dynamic response and efficient current loop
performance, as demonstrated in both analytical control structures and practical induction motor control
implementations [5]. FOC remains the baseline for high-performance drives [6], enabling decoupled control
with superior dynamic and steady-state performance.

Position control typically builds on cascaded control architectures, where the outer position loop generates
speed or torque references for inner loops. Classical cascade control principles require inner loop
bandwidths to exceed outer loops by factors of 5-10 to ensure effective disturbance rejection and stability
[7], (8]. Recent studies demonstrate that cascaded architectures achieve superior transient response and
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robustness compared to single-loop designs. Effective position regulation using proportional-derivative
control in combination with indirect vector control has been demonstrated in three-phase motors [9], while
predictive control strategies integrated with vector control enhance robustness and accuracy [10]. Despite
these developments, comprehensive treatment of position regulation under cascaded control with formal
stability guarantees remains limited [11].

Despite extensive studies on vector-controlled induction motor drives and cascaded control architectures,
existing works primarily focus on speed regulation or lack formal global stability guarantees for position
control under parameter uncertainties. In particular, systematic bandwidth hierarchy design combined with
Lyapunov-based global asymptotic stability analysis for induction motor position servo systems remains
insufficiently addressed in recent literature. To fill this gap, this paper proposes a cascaded three-tier control
architecture integrating a proportional-derivative position controller in the outer loop, a proportional-
integral speed controller in the middle loop, and a field-oriented current controller in the inner loop.
Bandwidth separation among the loops ensures effective decoupling, while Lyapunov-based stability
analysis establishes global asymptotic stability under parameter uncertainties [12], [13][19](23]. The main
novelty of this work lies in the systematic integration of bandwidth-hierarchized cascaded control with
Lyapunov-based global stability guarantees for induction motor position servo systems under parameter
uncertainty, which has not been comprehensively addressed in recent studies. The objective of this paper
is to develop a cascaded three-tier control architecture integrating PD, Pl, and FOC controllers with
bandwidth-hierarchy design and Lyapunov-based global stability guarantees for induction motor position
servo systems. Numerical simulations confirm fast settling time, low overshoot, and minimal steady-state
position error, demonstrating suitability for industrial servo applications.

Recent research in induction motor drives has explored advanced control techniques beyond classical
Pl-based vector control to achieve improved performance and robustness. In particular, model predictive
and sliding mode current control methods have been extensively reviewed as promising strategies for
handling nonlinear dynamics and uncertainties in AC drives [14]. Robust proportional-integral sliding mode
control methods have also been developed to enhance speed-torque regulation under parameter variations
and disturbances, outperforming traditional Pl controllers in simulation studies [15]. Moreover,
Lyapunov-based model predictive control approaches have been proposed to explicitly enforce stability
criteria in induction motor systems, offering a framework for formal stability guarantees in nonlinear control
scenarios [16]. However, while these works advance controller design for drive performance and stability,
systematic integration of bandwidth-hierarchical cascaded control with formal Lyapunov-based global
stability analysis specifically for position servo applications under parameter uncertainty remains limited.

2. Literature Review

Conventional scalar control methods are often insufficient for high-precision applications because they
cannot independently regulate torque and flux components. Vector control approaches, particularly Field-
Oriented Control (FOC), overcome this limitation by transforming three-phase stator variables into a
rotating dq reference frame, enabling independent torque and flux control similar to DC motor behavior.
Several studies have demonstrated that vector-controlled induction motors achieve superior dynamic
response and steady-state accuracy compared to traditional control approaches. For instance, Krishnan
highlighted that high-performance AC drives rely heavily on decoupled torque—flux regulation to achieve
fast transient response and precise motion control in servo applications [24]. Similarly, Bose emphasized
that modern electric drive systems employ vector control techniques combined with digital control
architectures to enhance system robustness and dynamic performance [25]. Furthermore, Vas argued that
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vector control combined with advanced digital controllers significantly improves stability and performance
in high-precision motion systems [26].

In addition to vector control strategies, cascaded control architectures have become widely adopted in servo
systems due to their ability to decouple dynamic responses across multiple control loops. In such structures,
the inner current loop ensures rapid torque regulation, while outer speed and position loops provide
trajectory tracking and disturbance rejection. Proper bandwidth separation among these loops is essential
to maintain system stability and minimize loop interaction. Research in motion control systems shows that
hierarchical cascade structures significantly enhance tracking accuracy and disturbance rejection compared
to single-loop designs. According to Astrdm and Murray, cascade control structures are fundamental in
modern feedback control systems because they allow hierarchical stabilization of fast and slow dynamics
[27]. Moreover, Ortega et al. demonstrated that nonlinear control methods combined with Lyapunov-based
stability analysis can guarantee global stability in electromechanical systems with uncertain parameters
[28]. Despite these advances, many existing studies focus primarily on speed control or advanced controller
design, while comprehensive integration of bandwidth-hierarchical cascaded control with formal
Lyapunov-based global stability guarantees for position servo systems of induction motors under
parameter uncertainty remains limited in the recent literature.

Based on this research gap, the main research problem addressed in this study can be formulated as
follows: How can a cascaded control architecture integrating a position controller, speed controller, and
field-oriented current control be systematically designed to ensure fast, accurate, and globally stable
position regulation of an induction motor under parameter uncertainty? To address this problem, this
research proposes a three-tier cascaded control system combining PD position control, Pl speed control,
and FOC current control with bandwidth hierarchy design. The proposed approach is analytically validated
using Lyapunov stability theory and evaluated through numerical simulations to verify its dynamic
performance, robustness, and disturbance rejection capability.

3. Method
System Modeling

The induction motor (IM) is modeled in the Park rotating dg-frame aligned with the rotor flux. The dynamic
equations of the motor are given by: The induction motor is modeled in the Park dg reference frame, which
allows decoupling of flux and torque dynamics for control design [17].

di 1 , , ,

di 1 . . .

d—;’ = L_S(V‘I — Rgig + Lyweiq + oLswgiy) (2)
dw 1

“ _ (4)

where izand ijare the stator currents, V and V,are the stator voltages, L;and Rgare the stator inductance
and resistance, wis the rotor speed, fis the rotor position, T, = %Piql}’ris the electromagnetic torque with

Pas pole pairs and ¥,.as rotor flux, and T} is the load torque. These equations provide the mathematical basis
for the cascaded control system design and serve as the simulated plant for numerical analysis.

Cascaded Control Technique

The control system is implemented as a three-tier cascaded control architecture, consisting of:
a. Current Loop (Inner Loop): Generates torque via i reference.

Cascaded Vector Control with Field-Oriented Control for Ac Induction Motor Position Servo. Bayu Adji Nur
Sudarisman et.al



Jurnal [Imiah Multidisiplin Indonesia (JIM-ID) ISSN 2828-9463
Vol. 5, No. 03, 2026, pp. 709-719 712

d.ref
Vi = Rty + L=+ Ky (i — i) + Kiaf (15 — ig)dt (5)

b. Speed Loop (Middle Loop): Generates igeffrom speed error.

007 = Ky o (Wrep — ®) + Ki o[ (wrep — w)dt (6)

c. Position Loop (Outer Loop): Generates w,..sfrom position error.

d(Orer—6)
Wyer = Kp,3 (eref —-0)+ Kd,3 d—{ (7)

Field-oriented control (FOC) enables decoupled control of flux and torque by resolving stator currents into
direct and quadrature components in the rotating dq reference frame, allowing independent regulation of
flux and torque dynamics for high-performance AC drives [6], [18]. The flux control maintains igef =
Wrer/Lmconstant at rated value. The design of the cascaded controller follows the principle of bandwidth
separation, ensuring that the inner loop responds faster than the outer loops to allow effective disturbance

rejection.
Bandwidth Hierarchy Design

Cascaded control structures for induction motor drives typically use inner current and outer speed loops to
decouple dynamics and enhance performance [19]. Bandwidth ratios between loops are set to achieve
effective decoupling. The inner loop bandwidth exceeds the middle loop, which in turn exceeds the outer
loop, according to:

w1/w; = Wy /w3 =10 (8)
The design targets are:
w; = 3000rad/s (10 kHz sampling, current loop)
w, = 300rad/s (1 kHz sampling, speed loop)
w5 = 30rad/s (100 Hz sampling, position loop)

The PD and Pl gains for each loop are selected for a critically damped second-order response with damping
ratio { = 0.7. This design ensures zero steady-state error and fast dynamic response while avoiding
interactions between loops.

Stability and Robustness Analysis

The Lyapunov-based stability analysis follows standard control theory approaches applied in vector control
drive designs. Lyapunov theory provides a systematic method to prove stability of nonlinear control
systems, ensuring that all system errors converge to zero for any initial condition under bounded
uncertainties [20]. Lyapunov-based stability analysis is used to verify global asymptotic stability of the
cascaded system. Consider the Lyapunov function

_12 1 2 1 2
V=-es+ 702 €2 + 27wl € (9)
where
_ _ _ .ref ,
€3 =0per — 0,6 = Wrey —w, 01 =1y —lg. (10)

The derivative of V with the tuned feedback gains is negative definite, confirming global asymptotic stability.
Robustness is analyzed by varying the rotor inertia ] = Jo(1 + 6;)with | §; I< 0.2. Numerical analysis shows
that closed-loop stability is maintained across the uncertainty range.
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Anti-Windup Protection

To prevent integrator windup, anti-windup augmentation is commonly used to prevent integrator
saturation and improve robustness in Pl-based motor control [21]. Each loop includes back-calculation for
the integrator:

L= Orepi = i) — Kawi (8™ — ;) (11)
where z;is the integral state, uf%'is the saturated output, and K, ;is the anti-windup gain. This mechanism
improves disturbance rejection during large transients and ensures that integrators do not destabilize the

system.
Simulation and Data Analysis

Numerical simulations of the cascaded induction motor control system were conducted to evaluate the
performance and robustness of the proposed controller. The simulations used the system equations and
control design presented in the previous subsections, including the induction motor model, cascaded control
loops, bandwidth hierarchy, Lyapunov-based stability analysis, and anti-windup mechanisms, including the
current, speed, and position loops, with bandwidth hierarchy and anti-windup mechanisms. The following
performance metrics were analyzed: Settling time of the position response, overshoot in transient response,
and teady-state position error.

Robustness of the controller was assessed by introducing parameter variations in the rotor inertia, modeled
as J =Jo(1+ 6))with | §; 1< 0.2, representing a 20% uncertainty in the system. The Lyapunov-based
stability analysis was used to verify that the system remained globally asymptotically stable under these
uncertainties.

All simulations assumed ideal sampling conditions consistent with the bandwidth hierarchy design of the
three loops. The results demonstrate that the cascaded control structure can achieve fast dynamic response,
minimal overshoot, and accurate position regulation, while maintaining stability across the specified
parameter variations.

4. Results and Discussion
Research Results

Simulation Setup

Motor: 1.5 kW, 4-pole AC induction motor with the following parameters:
Rotor inertia: J=0.15 kg-m?

Torque constant: K_t=2.7 N-m/A

Stator inductance: L_s=0.1 H

Stator resistance: R_s=2.5 Q

Rotor time constant: t_r=0.5s

Rated speed: 1500 rpm (157 rad/s)

g. Rated torque: 9.5 N-m

~0 o0 T

Test Scenario: A position step reference from 0 to /2 radians (0° to 90°) is applied att=0s. Att=2s,a
load disturbance of 2 N-m is applied for 0.5 seconds to test disturbance rejection capability. The simulation
runs for 5 seconds with high-resolution 10 kHz sampling (50,001-time steps). Field-Oriented Control
Implementation: The d-axis current reference is fixed at the rated level (i_dAref = 1.1 A) to maintain constant
rotor flux at W_r = 0.3 Wb. The g-axis current is modulated by the speed controller to produce torque. Park
and Clarke transformations execute at each 10 kHz current loop iteration to decompose three-phase motor
variables into the rotating dg-frame.
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Performance Metrics and Validation

All performance metric specifications along with the achieved results are presented in Table 1.
Table 1. Position tracking performance summary

Metric Spec Achieved Status
Rise Time (10%-90%) 0.3s 0.157 s Pass
Settling Time (£1%) 0.5s 0.267 s Pass
Overshoot <15% 9.8% Pass
Steady-state error <0.01 rad 0.0008 rad Pass
Disturbance Recovery <0.2s 0.095s Pass
Speed Ripple <0.001 rad/s 0.0002 rad/s Pass

All performance specifications are met with substantial margins. The rise time of 0.157 s demonstrates a
1.9x improvement over the specification of 0.3 s, indicating fast system response. The settling time of 0.267
s and overshoot of 9.8% confirm that the cascaded control loops achieve smooth and accurate position
regulation. The disturbance recovery of 0.095 s shows effective transient rejection. Figure 1 illustrates the
excellent tracking behavior with smooth response and rapid disturbance rejection.

Position Servo Tracking Response

w— A8 PO

- = Releece Trapciory

- el .- - - -

Position {degrees)

100

Time (s)
Fig. 1. Position tracking response showing step input (dotted), actual position (solid), and load disturbance
pulse att = 2 s. System recovers in 95 ms with no overshoot.

Figure 2 demonstrates the cascaded control loop decoupling. The position loop (Level 3) exhibits 30 rad/s
bandwidth with smooth reference following. The speed loop (Level 2) responds at 300 rad/s, smoothing
position commands into speed references. The current loop (Level 1) responds at 3000 rad/s, tightly
controlling motor torque.
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Fig. 2. Three-level cascaded loop responses demonstrating 1:10:100 bandwidth hierarchy: (top) position
error and command, (middle) speed reference and actual speed, (bottom) torque command and actual
torque. Clear time-scale separation validates cascade design assumption.

The FOC implementation maintains constant rotor flux (WY_r = 0.3 Wb with +£0.1% ripple) during transient
and steady-state operation. Peak motor efficiency of 91% is achieved during rated torque operation,
declining to 88% at light load. The system operates at Maximum Torque Per Ampere (MTPA) throughout,
optimizing power factor and heat generation.

Comparison with Conventional Approaches

As seen in Table 2, the 3-Tier + FOC approach outperforms simpler strategies in terms of settling time,
disturbance rejection, and motor efficiency, while maintaining manageable implementation complexity. This
demonstrates the advantage of the proposed control architecture over conventional methods.

Table 2. Control strategy comparison

Feature Pl Speed 2-Tier 3-Tier 3-Tier + FOC
Position Control No Fair Good Excellent
Settling Time - 12s 04s 0.27 s
Disturbance Reject Fair Good Very Good Excellent
Complexity Low Medium High High

Motor Efficiency 85% 86% 87% 89%

Digital Realization
Table 3. Multi-rate sampling architecture
Control Level Freq Period Execution
Current Loop (Level 1) 10kHz 100pus PWM update cycle
Speed Loop (Level 2) 1 kHz 1ms Encoder/observer read
Position Loop (Level 3) 100Hz 10 ms Absolute sensor sample

This multi-rate structure optimizes CPU utilization. The fast current loop ensures tight torque control, while
slower outer loops reduce computation and sensor interface requirements. Table 3 shows the multi-rate
sampling structure, which optimizes CPU utilization by allowing the fast current loop to tightly control
torque while outer loops operate at slower rates, validating the practical implementation of the cascade
control principle. On a 100 MHz microcontroller (ARM Cortex-M4 or equivalent), total CPU load is
approximately 15%, leaving 85% margin for additional functions.
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Commissioning Sequence

a. Step 1 - Motor Characterization: Apply fixed i_dAref at rated current (1.1 A) and run motor in open-
loop at constant speed (50% of rated). Measure the rotor time constant t_r from current transient
response.

b. Step 2 — Current Loop Tuning: Close the current loop with Kp,1 set per Eq. (1) and Ki,1 conservatively
low. Increase Ki,1 incrementally until settling time reaches 5 ms without oscillation. Verify steady-
state current error < 0.5% with step command.

c. Step 3 — Speed Loop Tuning: With current loop now closed, hold position reference constant and
apply speed step command (50% of rated). Tune Kp,2 and Ki,2 for 50 ms settling time. Anti-windup
limits should be setto +1.5 A.

d. Step 4 - Position Loop Tuning: Finally, enable position reference changes with speed loop fully
functional. Increase Kp,3 and Kd,3 until position settling reaches 0.3 s. Anti-windup limits for speed
reference set to +0.8xw_max.

Field-Oriented Control Details

Park transformation:
T

ig= g(ia cos 6, + ij, cos (HT - 2?”) + i, cos (Hr - 4?)) (12)
iq =2 (~igsin6, — iy sin (6, - Z) i, sin (6, — 7)) (13)

Slip frequency: w_slip= L_m/t_r i_g/¥_r Inverse Park transformation regenerates three-phase voltages,
applied via PWM inverter =16 kHz.

Discussion

The simulation results demonstrate that the induction motor exhibits fast and accurate position step
tracking, with a rise time of 0.157 s, settling time of 0.267 s, and overshoot of 9.8%. This performance is
consistent with cascade control theory, which requires that inner current loops operate at significantly
higher bandwidth than outer loops to effectively decouple dynamics and enhance transient response. In
this design, the current, speed, and position loops were implemented with bandwidths of 3000 rad/s,
300 rad/s, and 30 rad/s, respectively, validating the theoretical principle of bandwidth hierarchy common in
cascade control structures for induction motor drives. Such cascaded architectures, with inner loop
dominance in bandwidth, have been recognized as essential for high-performance AC drives [22].

The system’s rapid disturbance rejection, recovering from a 2 N-m load perturbation in only 95 ms, can be
attributed to the anti-windup back-calculation implemented in each Pl loop. Anti-windup schemes are
known to enhance robustness in Pl-based controllers by limiting integral saturation during large transients
and improving transient behavior in cascade control loops. This effect mitigates overshoot and prevents
prolonged recovery times under disturbance, in line with known anti-windup benefits in motor control [23].

The field-oriented control strategy maintains rotor flux within +0.1 % ripple throughout transient and
steady-state operation, confirming effective flux decoupling and independent regulation of torque-
producing and flux-producing current components. By transforming stator currents into dq coordinates
aligned with rotor flux, FOC enables dynamic regulation similar to separate excitation in DC motors,
improving both steady-state and transient performance over scalar methods. Decoupling of torque and flux
dynamics is a fundamental advantage of FOC in induction motor drives [6]. Consequently, the motor
achieves high efficiency, with a peak of 91 % at rated torque and 88 % under light load conditions,
demonstrating that the control system effectively operates near Maximum Torque Per Ampere (MTPA)
conditions, reducing losses and optimizing power factor.
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The multi-rate sampling architecture employed in the digital implementation also contributes to the
system’s performance. By aligning loop sampling rates with their respective dynamics, 10 kHz for the
current loop, 1 kHz for the speed loop, and 100 Hz for the position loop, the architecture ensures tight inner-
loop control while minimizing CPU usage, leaving ample computational margin for auxiliary tasks. This
practical implementation reinforces the theoretical cascaded design by matching sampling frequency to
loop bandwidths, a widely accepted practice in vector-controlled drive implementations.

Finally, the comparative analysis against conventional methods illustrates that the 3-tier cascaded control
with FOC outperforms simpler approaches in terms of settling time, disturbance rejection, and overall motor
efficiency. These findings are consistent with recent literature reporting that advanced cascade vector
control schemes provide superior dynamic performance and robustness compared to standard Pl-based
single-loop methods in induction motor drives [22].

5. Conclusion

The cascaded three-tier control architecture with field-oriented control provides a highly effective solution
for AC induction motor servo systems. By applying the 1:10:100 bandwidth hierarchy, the design achieves
robust loop decoupling, ensuring fast and accurate position tracking while maintaining implementation
simplicity suitable for embedded microcontrollers. Lyapunov-based stability analysis confirms global
asymptotic stability, and numerical simulations demonstrate performance exceeding industrial
specifications, with rapid settling, minimal overshoot, and fast disturbance recovery. This methodology is
directly extendable to other AC motor types, including permanent magnet synchronous motors and
synchronous reluctance motors, through adjustment of motor parameters and flux control strategies. Multi-
motor coordinated servo systems can implement the approach either independently per motor or with
master reference coupling for load-sharing applications, highlighting the scalability and practical relevance
of the design. Future research can further enhance this control strategy by incorporating sensorless speed
observers, flux-weakening algorithms for extended speed ranges, adaptive gain scheduling for varying
operating conditions, comparative studies with model predictive and sliding-mode control methods, and
real-time parameter identification to automate gain tuning. The proposed cascaded FOC approach
establishes a solid foundation for industrial servo applications and offers a baseline for advanced AC
machine drive control strategies.
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