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ABSTRACT

Induction motors (IMs) are key components in numerous industrial drive systems due to their
simple structure, low cost, and high reliability. However, achieving accurate and robust speed control
under varying load conditions remains a significant challenge, particularly for sensorless drive systems.
This paper investigates the effectiveness of the Model Reference Adaptive System (MRAS). The speed
estimation technique is applied to two commonly used IM control strategies: scalar control using the
voltage model (SC-VM) and field-oriented control using the voltage model (FOC-VM). In both
approaches, the rotor speed and flux angle are directly estimated from measured stator voltage and
current signals, thereby eliminating the need for mechanical speed sensors. Simulation results obtained
under various operating conditions demonstrate that the MRAS-based sensorless control strategy
provides high estimation accuracy, good dynamic response, and stable system performance, while
reducing system cost and simplifying the drive structure. A comparative analysis further indicates that
scalar control is well-suited for applications with low cost and simple structural requirements, whereas
field-oriented control better meets demands for high dynamic performance and high control accuracy.
These findings offer valuable insights for selecting appropriate control strategies in practical induction
motor drive applications.

Keywords: Voltage model, Scalar control, Field-oriented control, MRAS.
1. INTRODUCTION

Induction motors (IMs) are widely used in industry due to their simple structure, low cost, and
high robustness [1, 2]. However, achieving accurate and stable speed control under load changes and
parameter deviations remains a significant technical challenge. Two popular control strategies today are
scalar control (SC) and field-oriented control (FOC).

SC methods, especially the V/f strategy, have outstanding advantages in simplicity and low
implementation cost. However, SC lacks a feedback mechanism and is susceptible to slippage, leading
to poor performance in low-speed regions and when the load varies [3, 4]. SC can be implemented in
two primary forms: open-loop control [5, 6] and closed-loop control [7, 8]. In open-loop mode, the
voltage and frequency are set according to predefined rules, without feedback from the motor.
Therefore, the error is difficult to correct, the efficiency is low, and it does not meet the requirements
of precise speed and torque control. In closed-loop control, speed and current sensors provide input
signals to the controller, and feedback information is used to adjust the voltage and frequency supplied
to the motor.

In contrast, FOC provides a clear separation between flux and torque control, along with fast
dynamic response and high accuracy [9-11]. However, the main drawback of typical FOC is its reliance
on the mechanical sensor, such as encoders, to determine rotor speed or flux angle [12]. The use of
mechanical encoders not only increases the hardware cost but also reduces reliability in harsh industrial
environments, where mechanical sensors are prone to failure or performance degradation.
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Many studies have compared SC and FOC, confirming FOC's superiority in speed and torque
control [13, 14]. Meanwhile, studies in [15, 16] show that SC is still suitable for economic drives. Other
studies have focused on torque-speed characteristics, flux-weakening region, current quality, and THD
[17-20]. However, most of these works still assume the presence of an encoder, not fully exploiting the
potential of sensorless methods.

To solve this problem, sensorless control methods have received much attention in recent years
[21, 22]. Model reference adaptive systems (MRAS) have been extensively developed to calculate the
rotor flux and its angle in induction motors. MRAS mainly uses two types of models: current models
(also called adaptive models) and voltage models (also called reference models) [23-29]. These
challenges motivate the development of advanced estimation techniques capable of improving the
accuracy and robustness of sensorless induction motor drives under varying load conditions. Table 1
presents the expected performance comparison between these two methods.

Table 1. Theoretical performance comparison between SC and FOC

Criterion SC [3-8] FOC [2], [9], [10], [12], [14], [18]
Control complexity Low, easy to implement E;i}sl%oiz?;ires multiple Pls and coordinate
Computation load Light Heavier
Cost Low (no encoder, simple hardware) Medium (no encoder but higher computation)
Dynamic response Improved and open-loop SC, but limited | Superior, fast decoupling of flux and torque

Better than open-loop SC but sensitive

Steady-state accuracy High, less affected by parameter errors

to Rs
Parameter sensitivity Strongly affected by Rs Less sensitive due to closed-loop structure
o Improved (no encoder) but limited at | Improved (no encoder) and maintains high
Reliability
low speed performance
Suitable applications Low cost, medium performance High-performance industrial applications

In this study, the method of estimating the rotor flux angle using voltage models (VM) is applied
instead of encoders. VM uses stator voltage and current signals, along with machine parameters, to
calculate the rotor flux vector, thereby determining the flux position with a simple structure and no
additional hardware. In this context, to clarify the potential advantages and limitations of the two
improvement methods, this paper constructs a performance comparison matrix for SC and FOC based
on the voltage model (SC-VM and FOC-VM). Important criteria commonly used in powertrain system
evaluation include complexity, computational volume, cost, dynamic response, accuracy, parameter
sensitivity, and reliability.

The remainder of the paper is organized as follows: Section 2 presents the IM mathematical model
in the (a, p) frame and an improved MRAS-based speed estimation method; next, the SC-VM and FOC-
VM control structures are introduced; then, simulation results are presented; and finally, conclusions
are drawn.

2. INDUCTION MOTOR MODELLING

2.1. Mathematical modelling in the (o, f) frame

In the stationary (@, p) frame, the dynamic performance of an induction motor (IM) is
characterized by core voltage and flux-linkage equations. These illustrate the interconnections among
the stator currents, rotor flux elements, and motor parameters, as shown in (1) - (4).

L. dy
u =Ri +— 1
N sSs dt ( )
0=rRi+MVol oy )
dt
W, =Li +L, (3)
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W, =L, +Li, )

By integrating (1) through (4), the expression for the electromagnetic torque is obtained as shown in (5).
3 -
T, = EPL'” Imiy, } &)

Where: i ,i : stator and rotor current vectors; v, , : stator and rotor flux-linkage vectors; R ,R, :

s

stator and rotor resistances; L ,L ,L, : stator, rotor, and magnetizing inductances; ®, : rotor electrical

angular speed; p: number of pole pairs; 7, : electromagnetic torque.

This mathematical model forms the theoretical basis for both scalar control (SC) and field-oriented
control (FOC). While SC primarily relies on the voltage frequency ratio to regulate flux, FOC exploits
full current or flux dynamics to decouple torque and flux control.

2.2. MRAS observer design based on voltage model

The improved Model Reference Adaptive System (MRAS) consists of two distinct models: the
reference model, known as the voltage model (VM), employs stator voltage and current to determine
components of the rotor flux vector, while the adaptive model, referred to as the current model (CM),
utilizes stator current along with the estimated rotor speed to calculate rotor flux components. To
achieve this, the measured stator voltages and currents were converted from the three-phase (a, b, c)
reference frame to the stationary (e, f) frame using the Clarke transform [22].

The VM-based MRAS is used to estimate speed in sensorless mode. The principle is to compare
the rotor flux computed by VM with that from CM. The error between the two models is fed to an
adaptive PI controller, which updates the estimated rotor speed. Figure 1 shows the structure of the rotor
flux-based speed observer in the improved MRAS [30].

Ugg, > Wra vm

Usp o

o

Isp -
Adaptation
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Current model
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r_est

(]

Figure 1. MRAS model for speed estimation based on the VM

In the stationary (e, f) frame, the rotor flux components of the VM are expressed via the IM
voltage equations, as in (6) and (7).

L LL-L
=2\ (. —Ri )dt—=2——m 6
\llra_VM Lm |:J.( so s sa) L sa:| ( )

r

L . LL-L,
Vg v = a{ J (ugy—Rig)dt— L—l""j} (7)

e

The rotor flux in the CM is computed from the estimated speed and stator current dynamics, as in
(8) and (9).

L . 1
\VrotiCM = I(Tlsa _F\V”OL,CM _('Oriesl \VrﬁiCM }t (8)

r r
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L, . 1
Vg o = J‘(Trlx[i _F’.Wr[iiCM 10, WV, cn ]dt 9)
The estimated rotor speed is obtained via an adaptive PI mechanism, as in (10) and (11):
S@O=Y,, Vs i ~Vea Vg cn (10)
O, o =K, f(©+K[ f(e)dt (11)

Here T. = L,/ R. denotes the rotor time constant, f(e) represents the flux error function used as

the adaptation signal, o is the estimated rotor speed, K, K, are the proportional and integral gains

r_est

of the adaptive PI controller.

Based on the rotor flux components v, ,,, and o, in(8) and (9), the rotor flux angle (v, )

Y, = arctav{:jrB—VMJ (12)
ro_VM

This estimated angle is then applied to both SC and FOC structures.

is computed by (12).

2.3. Stability analysis of the MRAS observer's frame

The stability of the MRAS-based speed estimator is theoretically justified using a Lyapunov-based
analysis of the adaptive observer [31], [32]. The MRAS scheme employs a voltage model (VM) as the
reference model and a current model (CM) as the adaptive model. The difference between the rotor flux
vectors from these two models serves as the adaptation signal for rotor speed estimation.

2.3.1. State error model

In the stator stationary reference frame (a, ), the derivative equation of the rotor flux estimation
error between the reference model (VM) and the adaptive model (CM) can be expressed as follows:

é=Ae—Ao Jy, (13)

1 . . —-11 . . .
Where, A = _TI"'C‘%J is the system matrix, J = |:(1) Oli| is the rotation matrix, I= |:(1) ?i|

r

denotes the identity matrix, and Aw, =®, —® is the estimated speed error.

r_est
2.3.2. Lyapunov adaptive law

To investigate the system stability, a scalar Lyapunov candidate function ¥, which is globally positive
definite, is proposed based on the total energy of the rotor flux error and the speed estimation error:

VzleTe+LAmf (14)
2 2%

With A is a positive constant representing the adaptation gain.

Taking the first derivative of ' with respect to time, and assuming that the mechanical time
constant of the drive system is sufficiently large so that @, =~ 0, the following expression is obtained:

4 :eTé+%AcorA(i)r (15)
By substituting (13) into (15), the following expression is obtained:

r"r_est

- 1 1, .
V=e [—71+corJ]e—eTJ\erMAmr +XA0) o) (16)

r

Due to the orthogonal property of the skew-symmetric matrix, the term e’ Je = 0 . The equation is
reduced to:
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; 1 1.
V=—F\Ie|\2 +Ao, [Imwst—erwrm} a7

¥

Expanding the inner product e’ J W, cu » the speed update law in a pure integral form is obtained:

O, o = xj(WVQ7C1W Vg vt ~Via v Vip_om )dt (18)

With the proposed control law, the derivative of the Lyapunov function becomes negative semi-
definite:

. 1 )
V=—— <0 19
THeH— (19)

Since V'is positive definiteva Vis negative semi-definite, the system is stable in the Lyapunov sense.
2.4. Quantitative performance evaluation

To objectively compare the dynamic behavior of the control strategies, a quantitative performance
metric is required. This work uses the Integral of Time-weighted Absolute Error (ITAE) as the evaluation
criterion [33].

For the IM drive system, the ITAE is defined from the speed-tracking error between the reference
and actual mechanical speeds and is computed over a fixed observation interval 7= 6 s as:

ITAE=j0Tt|(wm —o)|dt (20)

Where o, denotes the measured mechanical angular speed of the induction motor, and (o;

represents the reference speed command.
3. CONTROL STRATEGIES IN INDUCTION MOTOR DRIVES
3.1. Improved scalar control using the voltage model

Scalar control (SC), also known as the V/fstrategy, is widely used due to its simplicity and minimal
need for controller parameter tuning. However, its accuracy in speed regulation is limited. In
conventional open-loop SC, the basic principle is to adjust the stator voltage amplitude and supply
frequency in proportion to the desired motor speed. The speed reference is first converted to the control
frequency, which is then used to compute the stator voltage amplitude via (21).

Vm rated
Vo=—f @n
Jraea

Where: 7, denotes the control voltage, 7 represents the rated control voltage, f is the control

m _rated

frequency, f,,., denotes the rated control frequency.

From V,, and f, three-phase reference voltages in the (@, b, ¢) frame are generated. These signals are
then modulated using sinusoidal PWM (SPWM) to produce inverter switching pulses supplying the IM.

Although open-loop SC is easy to implement, its performance is limited by poor dynamics and
low robustness against load variations. To improve accuracy, a closed-loop SC has been developed,
yielding better results than an open-loop SC.

An improved SC strategy is proposed by integrating the VM-based rotor flux angle observer (SC-
VM) with slip compensation. The control diagram of the proposed SC-VM is shown in Figure 2. In this
structure, the rotor flux angle y. from (12) is used to compute the slip frequency. This slip information
is fed back to correct the commanded synchronous frequency, thereby improving speed regulation and
transient behavior. The synchronous speed of the rotor flux w; is determined by differentiating y, and
the slip frequency wy is defined as the difference between w; and @, s, as in (22) and (23).
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dy
o = L 22
= (22)
(Dsl = l(ws _(Dr est) (23)
p -

Rotor slip
calculator

VM

Figure 2. Block diagram of the drive using the improved scalar control (SC-VM)

By compensating for a slip in the speed command, the improved closed-loop SC using VM-based
flux-angle estimation achieves higher accuracy, faster response, and better robustness.

3.2. Improved field-oriented control using the voltage model

Field-oriented control (FOC) is a closed-loop vector-control strategy widely used in high-
performance IM drives. The principle is analogous to a separately excited DC motor, where flux and
torque can be controlled independently. In this method, the stator current is represented as a space vector
and decomposed into two orthogonal components in a rotating frame aligned with the rotor flux: i
regulates flux and i, regulates electromagnetic torque.

oY, ——

MRAS using
VM

=
-

Figure 3. Block diagram of the drive using the improved field-oriented control (FOC-VM)

In practice, measured stator currents and rotor speed from sensors are combined with the motor
model to synthesize voltage references. First, the three-phase currents were transformed to the (o, f)
frame using the Clarke and the Park transform, which project these components into the rotating (x, »)
frame aligned with the rotor flux angle y, [27].
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The errors between reference quantities (flux, speed) and measured or estimated values are
processed by PI controllers. The commands iy and iy,," are then inverse-transformed to voltage
references, which feed the PWM to generate inverter gating signals.

In FOC, accurate knowledge of the rotor flux angle y, and rotor speed w; is crucial for flux-torque
decoupling. Traditional approaches rely on a mechanical encoder to obtain these quantities. However,
mechanical sensors may reduce reliability in industrial environments and limit compact drive applications.

To overcome this, we employ FOC using the voltage model (FOC-VM), which directly estimates
v and @, o The overall block diagram of the improved FOC with VM is shown in Figure 3. In this

structure, VM provides the rotor flux y, ,,, and rotor flux angle y. for the Park transform. As a result,

the system achieves precise control with fast dynamics.
4. RESULTS

The rated data and equivalent-circuit parameters of the three-phase IM used in simulations are
given in Table 2.

Table 2. IM parameters used in simulation

Parameter Value
Rated power (P) 2200 W
Rated voltage (V) 380V
Frequency (f) 50 Hz
Stator/rotor resistance (Rs/ Rr) 3.179/2.118 Q
Stator/rotor/magnetizing inductance (Ls/ L/ Lm) | 0.209/0.209/0.192 H
Pole pairs (p) 2

In SC-VM, slip compensation is implemented by using the estimated speed from the improved
MRAS to correct the supply frequency. After the motor reaches steady state, the compensator is
activated with an initial delay (0.7 s) and periodic updates (1.0 s). When load or speed changes occur,
the algorithm recalculates slip and adjusts the compensation value, thereby limiting oscillations,
reducing overshoot, and making the actual speed closely follow the reference.

Several simulation scenarios were conducted to evaluate and compare the control performance of
SC-VM and FOC-VM, including: (i) speed step response, (ii) load step disturbance, and (iii) low-speed
operation.

Case 1: Speed step response

In this scenario, the reference speed changes from 355 rpm to 710 rpm at £ = 2.0 s under a load of
T; = 5 N'm. The comparative responses of SC-VM and FOC-VM are shown in Figure 4.

With SC-VM, the rotor speed followed the command. Still, the control quality is limited (Figure
4a). The speed error e, exhibits a large transient magnitude, with overshoot of 0.8575 and ITAE of
29.29 (Figure 4b). The stator currents (Figure 4c) vary significantly at the speed-change instant. The
electromagnetic torque 7. (Figure 4d) showed large oscillations during the transient and takes a long
time to settle.

In contrast, with FOC-VM, the rotor speed closely tracked the reference with tiny error (Figure
4e). The speed error e, exhibits only 0.03309 overshoot and an ITAE of 2.217 (Figure 4f), indicating a
faster, more stable response. The stator currents (Figure 4g) remain symmetric and sinusoidal with a
lower magnitude than SC-VM. The electromagnetic torque 7. (Figure 4h) showed a short transient pulse
that quickly vanishes, returning to balance with 7.

The results in Case 1 indicate that FOC-VM outperformed SC-VM in accuracy (overshoot, ITAE)
while maintaining smoother, more stable torque during acceleration.

Case 2: Load step disturbance

In this case, the system is subjected to a mechanical load step of 7, =3 Nm at = 2.5 s, while the
reference speed is kept constant at 710 rpm. The comparative responses of SC-VM and FOC-VM are
shown in Figure 5.
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Figure 4. Comparison between SC-VM and FOC-VM in Case 1 (speed step from 355 to 710 rpm at t=2.0 s
with TL=5 Nm): (a, e) Rotor speed vs reference; (b, f) Speed error; (c, g) Stator currents; (d, h) Load and
electromagnetic torques.

With SC-VM, the rotor speed tracked the reference but exhibited significant deviation under load
disturbance (Figure 5a). The speed error e, oscillated vigorously, with an overshoot of -0.3155 and an
ITAE of 19.00 (Figure 5b), indicating reduced control quality during the impact. The stator current
(Figure 5¢) varied considerably at the load-change instant, while the electromagnetic torque 7. (Figure
5d) showed large oscillations and a long settling time.

Meanwhile, with FOC-VM, the rotor speed remains close to the command with only a minor error
(Figure Se). The speed error e, has an overshoot of just 0.0332 and an ITAE of 1.176 (Figure 5f),
demonstrating markedly better disturbance rejection. The stator currents (Figure 5g) increase their
amplitude to compensate for the load, yet remain symmetric and sinusoidal. The electromagnetic torque
T. (Figure 5h) produces only a brief compensation pulse before quickly rebalancing with 7. The results
in Case 2 confirm that FOC-VM achieves superior speed stability under load disturbances, while
maintaining good current quality and a smoother torque response than SC-VM.

Case 3: Low-speed operation

In the low-speed scenario with w,.s =50 rpm and 77 = 1 Nm, the comparison in Figure 6 highlights
the performance differences between the two methods.

With SC-VM, the rotor speed failed to maintain the setpoint, showing large oscillations and a
prolonged delay (Figure 6a). The speed error em oscillated severely around the operating point, yielding
poor indices: overshoot of -2.394 and ITAE of 52.97 (Figure 6b). The three-phase currents (Figure 6¢)
are heavily distorted and uneven over time. The electromagnetic torque 7. (Figure 6d) exhibits high
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ripple and fails to stabilize at the balance value with 7;. These behaviors clearly demonstrate that SC-
VM performs poorly at very low speeds.
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Figure 5. Comparison between SC-VM and FOC-VM in Case 2 (load step at t =2.5 s, constant reference
speed): (a, e) Rotor speed vs reference; (b, f) Speed error; (c, g) Stator currents; (d, h) Load and
electromagnetic torques.

In contrast, with FOC-VM, the controller maintains accurate speed tracking (Figure 6¢). The speed
error e, is very small, with overshoot of 0.00919 and ITAE of 0.082 (Figure 6f). The stator currents

remain symmetric and sinusoidal (Figure 6g). The electromagnetic torque 7. (Figure 6h) balances with
T, quickly and with minimal ripple.

At very low speeds, SC-VM exhibits severe limitations in speed tracking and torque stability,
whereas FOC-VM delivers precise, robust performance.

Table 3. IM parameters used in simulation

Case SC-VM FOC-VM
Overshoot (%) | ITAE | Overshoot (%) | ITAE
0.8575 29.29 0.03309 2217
-0.3155 19.00 0.03320 1.176
3 -2.394 52.97 0.00919 0.082
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Figure 6. Comparison between SC-VM and FOC-VM in Case 3 (low-speed operation at 50 rpm with Tr=1
Nm): (a, e) Rotor speed vs reference; (b, f) Speed error; (c, g) Stator currents; (d, h) Load and
electromagnetic torques.

5. CONCLUSION

The simulation results clearly demonstrate performance differences between SC-VM and FOC-
VM in three test scenarios. Specifically, SC-VM with slip compensation partially improves speed
tracking, yet still exhibits notable limitations: high overshoot and ITAE in the speed step response, large
oscillations under load disturbance, and severe degradation at low speed. Conversely, FOC-VM
maintains stable control quality in all cases, with significantly lower overshoot and ITAE, smoother
torque, and stable sinusoidal current.

These results confirm the advantage of vector control when combined with VM-based rotor flux
angle estimation, especially under complex operating conditions. This indicates that FOC-VM is a more
suitable solution for applications requiring accuracy, fast dynamic response, and high current quality.
Meanwhile, SC-VM can be considered for simple systems, but its performance is markedly limited at
very low speeds or under varying loads. In addition, VM-based sensorless schemes are sensitive to
parameter variations, especially stator resistance at low speed. This sensitivity may degrade the accuracy
of flux estimation, particularly in SC-VM, and should be considered in practical implementations.
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TOM TAT

PHAN TICH UGC LUGNG TU THONG ROTO DUA TREN MO HINH BIEN AP CHO
CAC PHUONG PHAP PIEU KHIEN VONG KIN KHONG CAM BIEN TOC PO

Tran Pinh Cwong*, Phan Tran Diang Khoa
Khoa Dién - Dién tit, Truong Dai hoc Ton Dirc T hcfng, Thanh phé Ho6 Chi Minh, Viét Nam
*Email: trandinhcuong@tdtu.edu.vn

Bong co khong ddng bo (IM) la thanh phin quan trong trong nhiéu hé truyén dong cong nghiép
nho cau trac don gian, chi phi thip va do tin cay cao. Tuy nhién, viéc dat dugc kha nang diéu khién tbc
do chinh xac va bén viing trong cac didu kién tai thay dbi van 1a mot thach thirc dang ké, dac biét dbi
véi cac hé truyen dong khong st dung cam bién tdc do. Bai béo nay nghién ctru hiéu qua cia phuong
phap uéc tinh téc d6 dya trén Hé thong thich nghi mé hinh tham chiéu (MRAS). Ky thuét u6c tinh toc
d6 nay duoc ap dung cho hai chién lugc diéu khién dong co khong dong bo pho bién: diéu khién vo
huéng str dung mé hinh dién ap (SC-VM) va diéu khién dinh huéng tir thong sir dung mé hinh dién ap
(FOC-VM). Trong ca hai phuong phap, tbc do roto va goc tir théng duoce ude tinh truc tiép tir cac tin
hiéu dién ap va dong dién stato do duoc, nhd do loai bé nhu cau sur dung cam bién tdc do co khi. Két
qua md phong dudi nhiéu diéu kién van hanh khac nhau cho thay chién lugc diéu khién khong cam bién
dua trén MRAS mang lai d6 chinh xdc udc tinh cao, dap img dong tot va hiéu sut 1am viéc 6n dinh cua
hé théng, dong thoi giam chi phi hé thong va don glan hoéa cau trac bo truyen dong. Phan tich so sanh
clng chi ra rang diéu khién v6 hudng phu hop véi cac tmg dung yéu cau chi phi thap va cau tric hé
thdng don gian, trong khi diéu khién dinh huéng tir thong dap img t6t hon cac yéu cau vé hiéu ning
dong cao va do chinh xac didu khién 16n. Nhiing két qua nay cung cip cac co s¢ tham khao quan trong
trong viéc lya chon chién lugc diéu khién phu hop cho cac ng dung truyén dong dong co khong dong
b trong thuc té.

Tir khéa: M6 hinh dién ap, Diéu khién vo hudng, Diéu khién dinh hudng tir thong, MRAS.
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