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ABSTRACT This paper focuses on designing a disturbance observer-based control (DOBC) system for
PMSM drives. The cascade structure of the discrete-time PI-PI control system with tracking anti-windup
scheme has been designed for both loops. In this study, high order disturbance observer (HODO) based
control is used to improve the speed tracking performance of the control system for the PMSM prototyping
kit regardless of the disturbance and unmodelled dynamics. The motion equation was modified in the HODO
in which torque losses due to the drug resulting from the time-varying flux, hysteresis, and friction have
been taken into account to estimate the total disturbance. The HODO does not require the derivatives of
the disturbance to be zero, like in the traditional ones. It demonstrates its ability to estimate along with a
load torque the high order disturbances caused by a cogging torque and a high-frequency electromagnetic
noise in the PMSM system. In the real-time experiments, the proposed algorithm with HODO achieves less
speed errors and faster response comparing with the baseline controller. The performances with proposed
and baseline control have been evaluated under mechanical speed and load torque variation cases. The
experimental results have proved the feasibility of the proposed control scheme. The proposed disturbance
observer-based control system was implemented with a Lucas-Nuelle 300 W PMSM prototyping kit.

INDEX TERMS Disturbance observer based control, high-order disturbance observer, PI controller, PMSM,
cascaded PI-PI, load torque observer.

I. INTRODUCTION
Permanent magnet synchronous motors (PMSMs) have been
preferred than other type of electric motors. In comparison
with DC motors, it is beneficial due to the special character-
istics such as compact structures, high air-gap flux density,
high power density, high torque to inertia ratio; but comparing
with induction motors, it has higher efficiency [1]. However,
it has been reported [2]–[7], that the PMSMs with nonlin-
ear multivariable structure, external disturbance, noise, and
uncertainties, cannot be easily controlled precisely [8], [9].
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Direct torque control (DTC) is one of approaches to
simplify the control system in PMSM control applications.
While field-oriented control (FOC) provides smooth start-
ing, fast acceleration and four-quadrant operation, DTC
simplifies motor modelling and hence reduces complexity
of control system [10]. In the contrast, DTC method pro-
vides lower torque and inherits current ripples [11], [12].
Several FOC based sliding mode control (SMC) strate-
gies have been proposed to optimize performance of the
speed controller. While the 1st order SMC based composite
control system has been designed with extended sliding
mode observer (ESMO) [13], sliding mode observer (SMO)
for load torque disturbance compensation have been
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synthesized with proportional-integral (PI-PI) control
systems [14].

The cascade PI-PI control is an effective closed-loop
control system for PMSM. This control architecture has
direct access to limit armature current via simple saturation
block. Typically, excessive currents come from a dramatic
increase/decrease of motor speed and then armature voltages.
In this cascade PI-PI control, the inner loop controls armature
currents/torque whereas outer loop regulates the speed of
motors by providing the current/torque reference. The limited
current/torque reference in outer loop can facilitate current
constraints. Therefore, it is essential to make sure that the
inner loop response should be faster than outer loop to guar-
antee quick limiting overcurrent and stability in closed-loop
scheme [15].

Due to so-called windup phenomena in traditional PI,
the controller’s performance is not satisfactory for PMSM
drives applications. These phenomena is characterized by
long periods of overshoot, which results in poor control per-
formance and even makes the overall system unstable. There-
fore, modern PI-PI control system for motor drives are typi-
cally equipped with various anti-windup (AW) techniques to
reduce integral effect on control system performance. The
effectiveness of back-calculation based tracking gains AW
scheme’s performance has been experimentally demonstrated
among other anti-windup techniques such as, simple limited
integration, limited output with dead zone element, and con-
ditioned integration. These types of anti-windup technique
were successfully tested for angular position control of a
servo system [16] and for PMSM control [17].

PI speed controller equipped with anti-windup scheme
demonstrates good performance in both transient and
steady-state times than with conventional forms [17]–[19].
However, tuning gains of PI controller is tedious and
time-consuming work. The defining of optimal gains for
PI-PI control system based on analyzing plant’s dynamics
with step response method is most common among others,
whichwas first presented by Ziegler andNichols in 1942. The
detailed information about this method and other methods
to determine optimal gains of PI controller can be found
in [18].

Another problem of traditional PI controllers is its sensitiv-
ity to uncertainties, disturbances, and unmodeled dynamics
in the system, which degrade its performance [15]. There are
several approaches to tune the gains of control systems for
gaining robustness of control systems, namely, model-based
and model-free one. The model-based adaptive PID speed
control scheme, which consists a decoupling, PID, and super-
visory terms has been developed in [5]. The adjustment of
control gains is based on the gradient descent method and cal-
culated online. Because of nonlinearities of PMSM [2], [4],
the decoupling terms have been introduced to compensate
them in feed-forward manner. However, this control gains
tuning procedure highly depends on the knowledge of the
model. Artificial neural network (ANN) based auto-tuning
the gains of PID is another way to control PMSM without

prior knowledge of the system model. In [20], a training
algorithm for PID controller gains based on recursive least
square was developed to update the gains online.

The main advantage of use PI based control system is its
ability to facilitate zero steady-state errors in finite time under
low-frequency disturbances and model uncertainties while
the system’s closed-loop stability is ensured. Sliding-mode
control (SMC) [13], [21], H-infinity control [22], methods
are considered as robust to the model uncertainty and mod-
elling errors. However, these methods are too complicated
and based on the knowledge of the model of the PMSM [23].
Also, SMC based control inherits so called chattering phe-
nomenon and fully eliminating it hardly to achieve [24], [25].
On the other hand, intelligent and predictive controls imple-
mentation require high performance calculation processor in
each time instance which is costly [26]. Finally, adaptive
controller is difficult to follow all mathematical procedures
because they are not straightforward [27].

Disturbance observer-based control (DOBC) can be used
to estimate disturbance and then compensate it for the sys-
tem [28]. The motion dynamics of PMSM is complex and
intrinsically nonlinear. Therefore, for the high precision con-
trol of PMSM is a rather challenging task. In this study,
high order disturbance observer (HODO) based control used
to improve transient performance of the control system
for PMSM regardless of the disturbances and unmodelled
dynamics. In this study, the motion equation was modified
in HODO observer in which torque losses due to eddy cur-
rents [29]–[31], hysteresis and friction have been taken into
account as in the PMSM applications [32], [33]. Note that
the total disturbance estimation is based on the estimation of
the mechanical speed of PMSM. Because of various sources
of the disturbance reduce the produced torque and generate
ripples in the system response, they can be compensated
with use of disturbance observer based control methods to
achieve high performance. Recently, HODO type of observer
has been utilized to estimate fast-varying disturbance such
as aerodynamic torque, and synthesized with various base-
line control methods in the renewable energy generation
application [35]–[38]. This observer is free from assump-
tion that the disturbance varies slowly which was obligatory
condition for the traditional disturbance observer [28], [34].
Moreover, the same type of observer was effectively used
for parameters uncertainty estimation. However, this observer
is less effective for the electric machines with large
inertia.

The main sources of high order disturbance in practical
PMSM system are a cogging torque and a high-frequency
electromagnetic noise [8]. The cogging torque is produced
due to utilization of different materials in PMSM and uneven
structure of windings of the motor, which induce various
pulsating torques. The high-frequency electromagnetic noise
associated with PWM technique for voltage control also
has high order disturbance nature. Therefore, the sophis-
ticated disturbance observer should be applied for these
cases.
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Motivated by [17] and inspired by [34], in this study,
PI-PI control scheme with novel anti-windup algorithm is
combined with HODO for speed control the prototyping kit
PMSM. The HODO has been adopted to compensate the total
disturbance with the aim of improving tracking performance
and achieving asymptotic stability of the closed-loop system.
Also, the detailed mechanical motion equation of PMSM
has been modified in the HODO to accurately estimate the
total disturbance associated with a cogging torque and a
high-frequency electromagnetic noise in the PMSM system.
Also, in the motion equation the torque losses due to drag
resulting from time-varying flux, static moment of friction,
and hysteresis also have been taken into account. The PI con-
trollers are equipped with discrete-time tracking anti-windup
scheme to handle windup phenomena. The proposed control
method demonstrates superior tracking performance than the
control system without disturbance observer. To the best
of the authors’ knowledge, PI controller with discrete-time
tracking anti-windup scheme synthesized with high-order
disturbance observer has not been studied for PMSM appli-
cations.

II. CONTROL SYSTEM DESIGN
A. SYSTEM MODEL
The mathematical description of PMSM system is as follow-
ing 

ω̇ = k1iq − k2ω − k3d
i̇q = −k4iqs − k5ω + k6Vq − ωid
i̇d = −k4id + k6Vd + ωiq

(1)

where

k1 =
3
2
1
J

z2p
4
λm; k2 =

(ced+b)
J
; k3 =

2
3zpλm

;

k4 =
Rs

Ls
; k5 =

λm

Ls
; k6 =

1
Ls
; k7 =

1
J
.

where
ω− electrical speed, RPM
iq− q-axis current,
id− d –axis current, A
λm− permanent magnet flux coefficient, Wb Vd and Vq -

d-axis and q-axis voltages, V
zp− number of poles,
Rs− stator resistance, Ohm
Ls− stator inductance, H
J− rotor inertia, kg · cm2

b− viscous damping coefficient, Nm/(rad/s)
ced− eddy currents coefficient, Nm/(rad/s)
d – total high order disturbance, Nm.
( ˙. . .) denotes derivative of argument function.
In this control system, the time varying magnetic flux

due to eddy currents, friction and hysteresis cause torque
losses, which are also considered in the motion equation. The
eddy currents are induced when a nonmagnetic, conductive
material is moving in a magnetic field [29]–[31]. The eddy

FIGURE 1. Discrete-time PI controller with tracking anti-windup scheme.

currents circulate in the rotor’s conductive material and dis-
sipate causing a repulsive force between the magnet and the
conductor. Hence, the mechanical or produced torque con-
siders losses due to static moment of friction, hysteresis, and
drag resulting from time-varying flux. Equation (2) presents
the total disturbance d in the mechanical motion equation
including load torque TL, which will be estimated based on
the estimation of the mechanical speed of PMSM via HODO
observer. Thus, the total disturbance d in the system can be
defined as

d=
1
J

(
zpTL

2
+
(
Chy+Cf

)
sign (ω)+zpded

9̇dq9dq∣∣9dq
∣∣2
)

(2)

TL− rated load torque, Nm Cf− static moment of friction,
Nm Chy− hysteresis losses coefficient, N· m
ded− eddy currents damping coefficient, (Nm/(rad/s))
9dq− d-q framemagnetic flux linkage,Wb In (1), it should

be noted that ω, ids, iqs are states; Vds and Vqs are the control
inputs, and d is the total disturbance including load torque TL.
To design a DOBC with HODO, the following assumptions
are established. Also, note that the permanent magnets’ flux
in (1) is aligned with only the d-axis.
Assumption 1: ω, iqs, and ids are measurable.
Assumption 2: ḋ 6= 0
Note that in many existing disturbance observers, the dis-

turbance is assumed to be slowly varied, i.e., its time deriva-
tive is zero. In the proposedHODO, this constraint is released.

B. BASELINE DISCRETE-TIME CASCADE PI-PI CONTROL
SYSTEM
For the baseline speed controller implementation the total
disturbance value and PMSM’s parameters are not needed
due to model free nature of PI control algorithm. Then PI-PI
cascade closed-loop control is sufficient to achieve satisfac-
tory performance for speed regulation. The control objective
in this case is to achieve a specified tracking performance by
means of the PI controller and facilitate zero errors in finite
time. The speed loop controller can be formulated with the
following formulas based on Fig. 1.

|inSat = 0| , and |inAW = 0| {out = 0} (3)

|inSat ≥ ∓Sat| , and |inAW ≥ ∓AW| {out = ∓Sat} (4)

|inSat < ∓Sat| and |inAW ≥ ∓AW|@comma
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{
out = ω̃Kp − (∓AW)

}
(5)

|inSat < ∓Sat| and |inAW < AW| ,
out = ω̃Kp − (

1
2
1
z
Kpiω̃KpTs + (

1
2
Kpiω̃KpTs

+
1
z
inAW−

1
z
eSatKback −

1
z
eAW))


(6)

where
inSat− input of saturation block
∓Sat− output of saturation block
out− output of PI controller
inAW− input of anti-windup block
∓AW− output of anti-windup block
eSat− error of saturation block
eAW− error of anti-windup block
ω̃− speed error, rad/s
Kp− proportional gain
Kpi− proportional-integral gain
Ts− sampling time
1
z− unit delay
Kback− back-calculation gain

III. DISTURBANCE OBSERVER BASED CONTROL
A. BASIC CONCEPT OF DOBC
Linear plant in the time domain is characterized by the fol-
lowing system of equations

ẋ = Ax+ Bu+ Dd

y = Cx (7)

where x, u, d are the state, input, and disturbance vectors;
A,B,C,D denote coefficient matrices of the system.

The design procedure of disturbance observer based con-
trol (DOBC) consists of integrating the baseline speed con-
troller and disturbance observer to compensate for the total
disturbance in the control law [34].

Suppose the control law of the baseline controller u∗ is
given by the following equation

u∗ = f(x) (8)

By assuming that the disturbance in the state input in the
same channel is zero, composite control law of the stated
DOBC above is expressed as follows

u = u∗ + d̂ = f (x)+ d̂ (9)

Because DOBC is flexible, it can be combined with various
control schemes to improve its ability to reject disturbance.

Then estimated error of total disturbance is

d̃ = d̂− d (10)

where superscript ^and ∼ denotes the estimated and error
values, respectively. From (9) it can be stated the following

Dd = ẋ− Ax− Bu (11)

B. COGGING TORQUE AS FAST VARYING DISTURBANCE
IN PMSM SYSTEM
The model based control techniques are effective way to
handle complex system. However, various sources of dis-
turbance, coming from cogging torque, flux harmonics may
influence in practical PMSM system to design ideally con-
trollable MIMO system with high performance [8]. These
types of the disturbances with high order nature are difficult
to model and hence should be estimated by sophisticated
disturbance observer separately in PMSM applications.

The utilization of different materials for the rotor in
PMSM, the structure of windings of the motor may induce
various pulsating torques, which is also called cogging. This
happens due to interaction of the rotor magnetic flux and
angular variations in the stator magnetic reluctance. It should
be noted that cogging torque is presented even if power source
is disconnected and defined as

dcogT =
∑∞

i=1
dcogiT sin(iNcθe) (12)

where Nc is the least common multiple between the number
of slots and pole pairs, θe is the electrical angle expressed as
θe (t) = θe (t0) +

∫ t
t0
zpω(τ )dτ and dcogiT is the amplitude of

the i-order harmonic cogging torque.
The flux density of the materials used for the magnet in

PMSM is mostly changed by the temperature variation. The
resultant demagnetization phenomenon of permanent mag-
nets due to rise of temperature has a significant impact on
the maximum torque capability and the efficiency of PMSM.
The flux linkage between the rotor and stator magnets can be
expressed as

λm =
∑∞

i=0
λmicos(6iθe), (13)

where λmi is the amplitude of the 6th-order harmonic flux.
According to the definition of electromagnetic torque, Te =
3
2zpλmiqs, it is indicated that the effect of flux harmonics can
be represented as follows:

dfluxT =
3
2
zpiqs

∑∞

i=0
λmcos(6iθe), (14)

The main disturbances of PMSM system are cogging
torque and flux harmonics. These disturbances cause rip-
ples and hence errors in the speed response in the steady
state and bigger errors during transient times. These internal
disturbances along with external ones such as friction and
load torque are always presented in the system; therefore,
they should be compensated with comprehensive disturbance
observer, which will be presented in the next subsection.
Further, the aforementioned disturbances will be considered
as total disturbance.

Note that there is another source of high-order disturbance
of PMSM drives, it comes from the PWM inverter.

C. HIGH ORDER DISTURBANCE OBSERVER DESIGN
While speed controller in the conventional PI-PI control is
easy to implement with fixed gains, the tracking accuracy can
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be degraded under various operational conditions. The total
disturbance including load torque TL is assumed to be slowly
varying in time. Thus, under this assumption the effective-
ness of a disturbance observer in terms of accuracy can be
relaxed. The suddenly activated load torque does not affect to
the stability of the operation process. Therefore, to improve
the performance of the PI speed controller with tracking
back-calculation anti-windup scheme, HODO observer can
be integrated to compensate the disturbances. The HODO
observer is constructed based on the mechanical motion in
the system (1).

The original concept of a HODO design is presented for
wind speed estimation in renewable energy generation appli-
cation [35]–[38] even for the case of fast-varying disturbance.
HODO is considered as a cost efficient solution with accept-
able range of accuracy in estimating aerodynamic torque.
Using inappropriate observers leads to poor performance of
whole control system. The high-quality observer along with
robust controller can provide better performance in speed
control of PMSM under various disturbances.

To estimate the total disturbance d including load torque
TL, the first equation of (1) should be recalled,

ω̇ = k1iqs − k2ω − k3d (15)

Then high order disturbance observer is designed as

˙̂ω = k1iqs − k2ω − k3d̂
d̂ = L11g1 + L12g2 + L13g3

g1 = −

(
ω − ω̂

)
k7

ġ2 = g1
ġ3 = g2

(16)

where L11,L12,L13 are observer gains for estimation the total
disturbance.
Theorem 1: With observer gains L1k,L2k,L3k (k = 1, 2,

3) are chosen such that the following polynomial is stable by
the Hurwitz’s criterion

r (s) = sk1+1 + L1sk1 + L2sk1−1 + · · · + Lk1 (17)

Then the estimated disturbance asymptotically converges to
the true value.

Proof: This is straightforward to see that if (k+1)th

time derivative of disturbance is zero, d(k+1) = 0, then the
Theorem 1 is hold. More details on how to choose the gains
to achieve stability and less steady-state errors in estimation
with HODO observer are given in [35]–[38].

D. DISTURBANCE COMPENSATION
As B 6= D, the disturbance affects to state input through the
different channel. In order to derive synthesized control law
of HODO based speed controller, dynamics of the system is
written as

ẋ = Ax+ B(u+
D
B
d) (18)

FIGURE 2. The total disturbance compensation in the speed controller of
the proposed control design.

FIGURE 3. Proposed DOBC based control method structure.

The discrete PI speed and current controllers with tracking
back-calculation based anti-windup scheme serves as base-
line controller. The design procedures of the controllers have
been thoroughly studied in [11], [26], and [27]. According to
(9), the synthesized control law of HODO based PI-PI control
system is

iqsd = Kp (ω − ωd)+ KI

∫
∞

i=0
(ω − ωd)dt+ k3d̂ (19)

where ωd – desired speed, RPM; speed error is ω̃ = ω − ωd;
and d-axis reference current is idsd = 0.
The estimated total disturbance is compensated in the

speed loop of the proposed control design (Fig. 2).

E. HODO BASED DISCRETE-TIME PI WITH TRACKING
ANTI-WINDUP SCHEME
In Fig. 3, the architecture of the proposed DOBC con-
trol to compensate the total disturbance is shown. While
the inputs of saturation (inSat) block is between its limits,
the estimated total disturbance, d̂ is injected to the outputs
of anti-windup, AW to be compensated in the speed loop
of the proposed control system. Otherwise, the outputs of
the speed controller is equal to ∓Sat and the estimated
value does not affect to reference q-axis current in steady
state.

The logic of the proposed speed controller is explained
briefly below. When the posed conditions of the equa-
tions (3) and (4) are true the proposed controller’s out-
puts will not exceed the limits of the saturation block or
zero.

|inSat = 0| , and |inAW = 0| {out = 0} (20)

|inSat ≥ ∓Sat| , and |inAW≥∓AW| {out=∓Sat} (21)
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When the posed conditions in the equations (5) and (6) are
true the proposed speed controller will be completed with the
compensating term k3d̂.

|inSat < ∓Sat| and |inAW ≥ ∓AW| ,{
out = eKp − (∓AW)+ k3d̂

}
(22)

|inSat < ∓Sat| and |inAW < AW| ,
out = eKp − (

1
2
1
z
KpieKpTs + (

1
2
KpieKpTs

+
1
z
inAW−

1
z
eSatKback −

1
z
eAW))+ k3d̂


(23)

F. CLOSED-LOOP STABILITY ANALYSIS
First, let us consider the stability of anti-windup PI control
without the HODO [39]. The output of the PI speed controller
iqs can be written as,

iqs = eKp + q (24)

where e = ωd − ω and q is the anti-windup integral
state. According to [39], as the speed error dynamics is
much slower than that of the integral state, the integral
state q can be neglected, so controller output u is reduced
to,

iqs = eKp (25)

Therefore, there exists a speed error bound Ib which deter-
mines the operating regions of the PI controller, which can
be defined as,

Ib =
Imax

Kp
(26)

where Imax is the maximum stator current. If |e| ≤ Ib,
the PI controller is in the linear region; otherwise, it is in the
saturation region.

Define the Lyapunov function given by

V (e) =
1
2
e2 (27)

On the other hand, we have,

ė = −k1iqs − k2e+ k2ωd + k3d (28)

So the derivative of the Lyapunov function is,

V̇ = eė

= e
(
−k1iqs − k2e+ k2ωd + k3d

)
≤ −k2e2 − k1Kp |e| Imax + |e| (k2ωd + k3d) (29)

The tracking error is asymptotically converged to zero
when V̇ ≤ 0, which means the following condition is
satisfied,

|e| ≤
1
k2

(
−k1KpImax + k2ωd + k3d

)
(30)

FIGURE 4. DSP based experimental setup for PMSM control
(manufactured by Lucas-Nuelle gGmbH).

The maximum error should be less than the error bound
in (26) to guarantee that the PI controller will transfer from
saturation region to the linear region, it means,

ωd +
k3
k2

d ≤
(
k1Kp

k2
+

1
Kp

)
Imax (31)

Now we consider the closed-loop stability. Let define the
estimation error as

eo = d− d̂ (32)

Then (28) becomes,

ė = −k1iqs − k2e+ k2ωd + k3d̂+ k3eo (33)

Lemma 1([40]): Let us take into consideration a system as
follows {

ż = f (z, ỹ)
˙̃y = g (ỹ)

(34)

where ˙̃y = g (ỹ) has an asymptotically stable equilibrium at
ỹ = 0. If ż = f (z, 0) has an asymptotically stable equilibrium
at z = 0, then (34) has an asymptotically stable equilibrium
at (z, ỹ) = (0, 0).
Theorem 2: With the given PI controller and observer,

the tracking error e and estimation error eo asymptotically
converge at zero.
Proof: Firstly, according to condition (31), the dynam-

ics@comm

ė = −k1iqs − k2e+ k2ωd + k3d (35)

has an asymptotically stable equilibrium at zero.
Secondly, in Theorem 1, it is proven that the estimation

errors of the disturbance converge asymptotically to the stable
equilibrium zero. Then, by referring to Lemma 1, it implies
that tracking error e and estimation error eo are asymptotically
stable at zero.
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TABLE 1. PMSM technical data.

TABLE 2. Control system’s parameters.

IV. EXPERIMENTAL RESULTS
The experimental setup configuration is shown in Fig. 4.
DSP based ‘‘Controlled permanent magnet servo drive with
MATLAB/Simulink 300W’’ (manufactured by Lucas-Nuelle
gGmbH) was used to test the proposed HODO based PI-PI
control system with tracking anti-windup scheme. The exper-
imental setup comprises surface mounted type PMSM that
coupled with 1024 pulses incremental position encoder and
servo-machine operated with ActiveServo software acting as
a load. The control algorithm is written in Matlab/Simulink
(R2016b) environment then the code generated by Code
Composed Studio 5 is sent to servo-converter for real-time
experiment control. Note, after loading the code, no mod-
ification of gains is allowed. For a new configuration and
modification of gains, the code generation has to be per-
formed again. The switching period of the self-commutated
converter is set to 125 µs. The control routine frequency for
the pulse width modulation technique (PWM) in the inverter
is set to 8 kHz. The parameters of the PMSM are listed
in Table 1.

To confirm the effectiveness of the proposed HODO-based
controlled system design, let us consider a prototype of
SPMSM with the following nominal parameters given
in Table 1.

A space vector pulse width modulation (SVPWM) tech-
nique is used to regulate the phase currents flowing into
the PMSM. For evaluation of performance of the proposed

FIGURE 5. Experimental results of the proposed HODO based PI with
novel anti-windup scheme for case 1. (a) Mechanical speed response of
PMSM; (b) Mechanical speed error; (c) Estimated load torque
disturbance.

FIGURE 6. dq-axis currents of the proposed HODO based PI with novel
anti-windup scheme for case 1. (a)ids and its desired value idsd; (b) iqs
and its desired value iqsd.

control scheme, in this paper, the experimental results of the
baseline controller without HODO are compared with the
results of the proposed HODO based PI-PI control system
with tracking anti-windup scheme utilized. Two cases with
speed variation and load torque disturbance have been inves-
tigated.
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FIGURE 7. dq-axis voltages under proposed HODO based PI with novel
anti-windup scheme for case 1. (a) control input on q-axis Vqs; (b) control
input on d-axis Vds.

FIGURE 8. Experimental results of the proposed HODO based PI with
novel anti-windup scheme for case 2. (a) Mechanical speed response of
PMSM; (b) Mechanical speed error; (c) Estimated load torque
disturbance.

Case 1: Speed Transient Response with nominal parame-
ters

1) The desired speed (ωd): 300 RPM→ 600 RPM.
2) Constant load torque TL = 0.5 Nm.
3) No load torque disturbance.
Case 2: Load Torque Transient Response

FIGURE 9. dq-axis currents of the proposed HODO based PI with novel
anti-windup scheme for case 2. (a) ids and its desired value idsd; (b) iqs
and its desired value iqsd.

FIGURE 10. dq-axis voltages under the proposed HODO based PI with
novel anti-windup scheme for case 2. (a) control input on q-axis Vqs;
(b) control input on d-axis Vds.

1) The desired speed ωd = 500 RPM.
2) Load torque disturbance TL = 0.3 Nm→ 0.5 Nm.
The round or trapezoidal shaped reference speed has been

chosen for PMSM, as it is more effective against wear of
mechanical coupling of the prototype PMSM like in the
industrial applications [28]. However, the load torque distur-
bance has been applied as step-wise.
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FIGURE 11. Experimental results of the baseline control for case 1.
(a) Mechanical speed response of PMSM; (b) Mechanical speed
error.

FIGURE 12. dq-axis currents of baseline control for case 1. (a) ids and its
desired value idsd; (b) iqs and its desired value iqsd.

HODO has been synthesized with the baseline con-
trol system to compensate the total disturbance and
improve transient performance. The speed response and
the total disturbances estimation in the proposed control
as well as other important variables’ graphs are presented
below.

Figs. 5-15 show the experimental results of the proposed
control method under two operational cases to assess its
performance against the baseline controller. The currents

FIGURE 13. dq-axis voltages of the baseline control for case 1. (a) control
input on q-axis Vqs; (b) control input on d-axis Vds.

FIGURE 14. Experimental results of the baseline control for case 2.
(a) Mechanical speed response of PMSM; (b) Mechanical speed
error.

and the voltages have been measured and converted to d-q
frame (iqs, ids, Vqs,Vds). The mechanical speed of PMSM
(ω) as well as its tracking error (ω̃) and the estimated total
disturbances (d̂) have been shown and compared with their
reference values. Figs 5-7 are results under conditions in
Case 1, while Figs 8-10 are outcomes obtained under Case
2. Also, in Figs 11-13, the results of baseline controller are
shown under Case 1 whereas the results for Case 2 are
presented in Figs 14-16. The detailed performance of the pro-
posed control design is summarized in Table 3. Based on the
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FIGURE 15. dq- axis currents of the baseline control for case 2. (a) ids
and its desired value idsd; (b) iqs and its desired value iqsd.

FIGURE 16. dq- axis voltages of the baseline control for case 2.
(a) control input on q-axis Vqs; (b) control input on d-axis Vds.

experimental results shown below, the settling time and abso-
lute meanmechanical speed errors are improved considerably
(settling time under Case 1: 6.7%, Case 2: 52.94%; absolute
mean mechanical speed error under Case 1: 29.34%, Case 2:
17.01%). While maximum mechanical speed error under the
proposed control in Case 1 is decreased by 44.8%, in Case
2 this criterion is decreased by 13.3%. The absolute mean of
the total disturbances are 11.69% and 12.86% forCases 1 and
2, respectively. The absolute mean of the total disturbances
is calculated with respect to the reference load torque value,
hence the big error value coming from the total disturbance.

TABLE 3. Performance of the proposed HODO based PI-PI with
anti-windup control scheme.

There are no the overshoot in transient time due to the round
shaped reference in both cases.

In the PMSM system, the total disturbance has been
estimated with HODO which demonstrates fluctuations
above load torque level, especially during the transient time
(Fig. 5, c). The pulsating torques can be seen in the d-q
currents plots, especially in q part (Fig. 6,b). In fact, the speed
errors during the transient time for both cases with control
system without disturbance observer are the most significant.
However, the proposed control scheme can provide reduction
of speed error not only during transient but also overall robust
performance.

V. CONCLUSION
In this paper, disturbance observer based control for the
PMSM prototyping kit is proposed. The cascade structure
of discrete-time PI-PI control system equipped with track-
ing anti-windup scheme has been utilized for both loops.
As the total disturbance estimation with HODO is based on
the accurate prediction of the mechanical speed, the detailed
motion equation of the PMSM has been derived. The motion
equation in the proposed HODO includes terms associated
with torque losses due to drag resulting from time-varying
flux, friction, and hysteresis. It has demonstrated its ability to
improve the speed tracking performance under the external
disturbance and unmodelled dynamics associated with a cog-
ging torque and a high-frequency electromagnetic noise in
the PMSM system. The estimated total disturbance is com-
pensated in the speed controller. A zero steady-state errors
have been achieved in the real time experiment. The mechan-
ical speed errors were minimized in both operation scenar-
ios. The performances of the proposed and baseline control
algorithms have been evaluated under mechanical speed
and load torque variations. The performance of the novel
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control system has shown better robustness to the external
disturbances.

REFERENCES
[1] T. D. Do, H. H. Choi, and J.-W. Jung, ‘‘Nonlinear optimal DTC design

and stability analysis for interior permanent magnet synchronous motor
drives,’’ IEEE/ASME Trans. Mechatronics, vol. 20, no. 6, pp. 2716–2725,
Dec. 2015.

[2] T. D. Do, Y. N. Do, and P. D. Dai, ‘‘A robust suboptimal control system
design of chaotic PMSMs,’’ Electr. Eng., vol. 100, no. 3, pp. 1455–1466,
Sep. 2018.

[3] B. Sarsembayev, K. Suleimenov, B. Mirzagalikova, and T. D. Do, ‘‘SDRE-
based integral sliding mode control for wind energy conversion systems,’’
IEEE Access, vol. 8, pp. 51100–51113, 2020.

[4] T. D. Do, ‘‘Optimal control designfor chaos suppression of PM syn-
chronousmotors,’’ inProc. 2nd Int. Conf. Control Sci. Syst. Eng. (ICCSSE),
Jul. 2016, pp. 88–92.

[5] J.-W. Jung, V. Q. Leu, T. D. Do, E.-K. Kim, and H. H. Choi, ‘‘Adap-
tive PID speed control design for permanent magnet synchronous motor
drives,’’ IEEE Trans. Power Electron., vol. 30, no. 2, pp. 900–908,
Feb. 2015.

[6] T. D. Do, H. H. Choi, and J.-W. Jung, ‘‘SDRE-based near optimal control
system design for PM synchronous motor,’’ IEEE Trans. Ind. Electron.,
vol. 59, no. 11, pp. 4063–4074, Nov. 2012.

[7] K. Suleimenov, B. Sarsembayev, and T. D. Do, ‘‘Disturbance observer-
based integral sliding mode control for wind energy conversion systems,’’
Wind Energy, vol. 23, no. 4, pp. 1026–1047, 2020.

[8] J. Yang, W. Chen, S. Member, S. Li, and S. Member, ‘‘Distur-
bance/uncertainty estimation and attenuation techniques in PMSM
drives—A survey,’’ IEEE Trans. Ind. Electron., vol. 64, no. 4,
pp. 3273–3285, Apr. 2017.

[9] L. Qu, W. Qiao, and L. Qu, ‘‘An extended-state-observer-based sliding-
mode speed control for permanent-magnet synchronous motors,’’ IEEE
J. Emerg. Sel. Topics Power Electron., vol. 9, no. 2, pp. 1605–1613,
Apr. 2021.

[10] F. M. Zaihidee, S. Mekhilef, and M. Mubin, ‘‘Robust speed control of
PMSM using sliding mode control (SMC)—A review,’’ Energies, vol. 12,
no. 9, p. 1669, 2019.

[11] L.-J. Cheng and M.-C. Tsai, ‘‘Enhanced model predictive direct torque
control applied to IPM motor with online parameter adaptation,’’ IEEE
Access, vol. 8, pp. 42185–42199, 2020.

[12] B. Nurtay, B. Duisenbay, and T. D. Do, ‘‘Direct-torque control system
design using maximum torque per ampere method for interior permanent
magnet synchronous motors,’’ in Proc. ELEKTRO, 2018, pp. 1–6.

[13] X. Zhang, L. Sun, K. Zhao, and L. Sun, ‘‘Nonlinear speed control for
PMSM system using sliding-mode control and disturbance compensation
techniques,’’ IEEE Trans. Power Electron., vol. 28, no. 3, pp. 1358–1365,
Mar. 2013.

[14] Y. Jiang,W.Xu, and C.Mu, ‘‘Robust slidingmode speed control with adap-
tive torque observer for high performance PMSM,’’ in Proc. IEEE Vehicle
Power Propuls. Conf. (VPPC), Hangzhou, China, Oct. 2016, pp. 1–6.

[15] R. Errouissi, A. Al-Durra, and S. M. Muyeen, ‘‘Experimental validation
of a novel PI speed controller for AC motor drives with improved tran-
sient performances,’’ IEEE Trans. Control Syst. Technol., vol. 26, no. 4,
pp. 1414–1421, Jul. 2018.

[16] R. E. Precup, R. C. David, E. M. Petriu, M. B. Radac, and S. Preitl,
‘‘Adaptive GSA-based optimal tuning of PI controlled servo systems
with reduced process parametric sensitivity, robust stability and con-
troller robustness,’’ IEEE Trans. Cybern., vol. 44, no. 11, pp. 2168–2267,
Nov. 2014.

[17] J. Espina, A. Arias, J. Balcells, C. Ortega, and S. Galceran, ‘‘Speed
anti-windup PI strategies review for field oriented control of permanent
magnet synchronous machines servo drives with Matrix converters,’’ in
Proc. 13th Eur. Conf. Power Electron. Appl., Barcelona, Spain, Sep. 2009,
pp. 279–285.

[18] K. J. Astrom and T. Hagglung, Advanced PID Control. Pittsburgh, PA,
USA: ISA, 2006.

[19] Y. Zhetpissov, A. Kaibaldiyev, and T. D. Do, ‘‘PI anti-windup speed
control of permanent magnet synchronous motor based on feedforward
compensation,’’ in Proc. ELEKTRO, 2018, pp. 1–8, doi: 10.1109/ELEK-
TRO.2018.8398275.

[20] V. Kumar, P. Gaur, and A. P. Mittal, ‘‘ANN based self tuned PID
like adaptive controller design for high performance PMSM posi-
tion control,’’ Expert Syst. Appl., vol. 41, no. 17, pp. 7995–8002,
2014.

[21] Y. Shtessel, C. Edwards, L. Fridman, and A. Levant, Sliding Mode Control
and Observation. London, U.K.: Springer, 2014.

[22] A. Kaibaldiyev, Y. Zhetpissov, B. Sarsembayev, and T. D. Do, ‘‘Combined
H–∞ and integral sliding mode controllers for robust speed control of
permanent magnet synchronous motor with load torque observer,’’ in
Proc. Int. Conf. Syst. Sci. Eng. (ICSSE), Dong Hoi, Vietnam, Jul. 2019,
pp. 543–548, doi: 10.1109/ICSSE.2019.8823533.

[23] T. D. Do, H. H. Choi, and J.-W. Jung, ‘‘θ-D approximation technique
for nonlinear optimal speed control design of surface-mounted PMSM
drives,’’ IEEE/ASME Trans. Mechatronics, vol. 20, no. 4, pp. 1822–1831,
Aug. 2015.

[24] K. D. Young, V. I. Utkin, and U. Ozguner, ‘‘A control engineer’s guide to
sliding mode control,’’ IEEE Trans. Control Syst. Technol., vol. 7, no. 3,
pp. 328–342, May 1999.

[25] B. Sarsembayev, T. Kalganova, A. Kaibaldiyev, T. Duc Do, and
Y. Zhetpissov, ‘‘Sliding mode control with high-order disturbance observer
design for disturbance estimation in SPMSM,’’ in Proc. Int. Conf. Syst.
Sci. Eng. (ICSSE), Dong Hoi, Vietnam, Jul. 2019, pp. 531–536, doi:
10.1109/ICSSE.2019.8823109.

[26] X. Wu, H. Wang, X. Yuan, S. Huang, and D. Luo, ‘‘Design and imple-
mentation of recursive model predictive control for permanent magnet
synchronous motor drives,’’ Math. Problems Eng., vol. 2015, Nov. 2015,
Art. no. 431734.

[27] Z. Ma, S. Saeidi, and R. Kennel, ‘‘FPGA implementation of model
predictive control with constant switching frequency for PMSM
drives,’’ IEEE Trans. Ind. Informat., vol. 10, no. 4, pp. 2055–2063,
Nov. 2014.

[28] S. Li, J. Yang, W.-H. Chen, and C. Xisong, Disturbance Observer-Based
Control: Methods and Applications. Boca Raton, FL, USA: CRC Press,
2014.

[29] J.-S. Bae, J.-H. Hwang, J.-S. Park, and D.-G. Kwag, ‘‘Modeling and
experiments on eddy current damping caused by a permanent magnet in
a conductive tube,’’ J. Mech. Sci. Technol., vol. 23, no. 11, pp. 3024–3035,
Nov. 2009.

[30] H. A. Sodano, ‘‘Eddy current damping in structures,’’ Shock Vib. Dig.,
vol. 36, no. 6, pp. 469–478, Nov. 2004.

[31] J. H. Ahn and H. Y. Kim, ‘‘Effect of electromagnetic damping on system
performance of voice-coil actuator applied to balancing-type scale,’’ Actu-
ators, vol. 9, no. 1, p. 8, 2020.

[32] P. Pillay and R. Krishnan, ‘‘Modeling, simulation, and analysis of
permanent-magnet motor drives. I. the permanent-magnet synchronous
motor drive,’’ IEEE Trans. Ind. Appl., vol. 25, no. 2, pp. 265–273,
Mar./Apr. 1989.

[33] G. Luo, R. Zhang, Z. Chen, W. Tu, S. Zhang, and R. Kennel, ‘‘A
novel nonlinear modeling method for permanent-magnet synchronous
motors,’’ IEEE Trans. Ind. Electron., vol. 63, no. 10, pp. 6490–6498,
Oct. 2016.

[34] L. Xiaoquan, L. Heyun, and H. Junlin, ‘‘Load disturbance observer-based
control method for sensorless PMSM drive,’’ IET Electr. Power Appl.,
vol. 10, no. 8, pp. 735–743, 2016.

[35] A. V. Le and T. D. Do, ‘‘High-order observers-based LQ control
scheme for wind speed and uncertainties estimation in WECSs,’’
Optim. Control Appl. Methods, vol. 39, no. 5, pp. 1818–1832,
Sep. 2018.

[36] T. D. Do and H. T. Nguyen, ‘‘A generalized observer for estimat-
ing fast–varying disturbances,’’ IEEE Access, vol. 6, pp. 28054–28063,
2018.

[37] T. D. Do, ‘‘Disturbance observer-based fuzzy SMC of WECSs with-
out wind speed measurement,’’ IEEE Access, vol. 5, pp. 147–155,
2017.

[38] K.-S. Kim, K.-H. Rew, and S. Kim, ‘‘Disturbance observer for estimating
higher order disturbances in time series expansion,’’ IEEE Trans. Autom.
Control, vol. 55, no. 8, pp. 1905–1911, Aug. 2010.

[39] H.-B. Shin, ‘‘New antiwindup PI controller for variable-speed motor
drives,’’ IEEE Trans. Ind. Electron., vol. 45, no. 3, pp. 445–450, Jun. 1998,
doi: 10.1109/41.679002.

[40] A. Isidori, Nonlinear Control Systems. London, U.K.: Spring-Verlag,
1995.

VOLUME 9, 2021 66333

http://dx.doi.org/10.1109/ELEKTRO.2018.8398275
http://dx.doi.org/10.1109/ELEKTRO.2018.8398275
http://dx.doi.org/10.1109/ICSSE.2019.8823533
http://dx.doi.org/10.1109/ICSSE.2019.8823109
http://dx.doi.org/10.1109/41.679002


B. Sarsembayev et al.: HODO Based PI-PI Control System With Tracking Anti-Windup Technique

BAYANDY SARSEMBAYEV received the special-
ist qualification in railway automation and con-
trol from the Kazakh Academy of Transport and
Communications, Almaty, Kazakhstan, in 2000,
and the M.Sc. degree in systems and control engi-
neering from City, University of London, London,
U.K., in 2015. He is currently pursuing the Ph.D.
degree in electrical engineering and electronics
research, Brunel University London, U.K. From
June 2000 to December 2000, he was with Kaza-

khstan National Railway Company, Karagandy, Kazakhstan, as a Railway
Worker in signals’ systems. From 2001 to 2007, he was with the Kazakh
Academy of Transport and Communications, as a Teaching Staff in transport
studies. From 2008 to 2012, he was with L. N. Gumilyov Eurasian National
University, Astana (Nur-Sultan, since 2019), Kazakhstan, as a Teaching
Staff in transport studies. Since July 2017, he has been a Research Assis-
tant with the Department of Robotics, Nazarbayev University, Nur-Sultan,
where he investigates various control techniques and methods and applies
them to permanent magnet synchronous motors and WECS applications.
His research interests include adaptive PID, vector control (field-oriented
control), observer design for disturbance estimation, sliding mode control
(SMC), and integral SMC.

KANAT SULEIMENOV received the B.S.
degree in engineering and technology from
Kazakh-British Technical University, Almaty,
Kazakhstan, in 2014, and the M.S. degree in
mechanical engineering from Nazarbayev Univer-
sity, Nur-Sultan, Kazakhstan, in 2019, where he
is currently pursuing the Ph.D. degree with the
Department of Robotics. From November 2014 to
August 2015, he was with Coca-Cola Almaty
Bottlers Company, where he served as an Operator

on the production line. From 2016 to 2017, he worked as a Laboratory
Technician with the Department of Mechanical Engineering, School of
Engineering, Nazarbayev University. From February 2018 to August 2019,
he worked as a Research Assistant with the Power Conversion and Motion
Control Laboratory under the supervision of Dr. Ton Duc Do. His current
research interests include control of electric machine drives used in electric
cars and wind energy conversion systems.

TON DUC DO (Senior Member, IEEE) received
the B.S. and M.S. degrees in electrical engineer-
ing from the Hanoi University of Science and
Technology, Hanoi, Vietnam, in 2007 and 2009,
respectively, and the Ph.D. degree in electri-
cal engineering from Dongguk University, Seoul,
South Korea, in 2014. From 2008 to 2009,
he worked with the Division of Electrical Engi-
neering, Thuy Loi University, Vietnam, as a
Lecturer. In 2014, he was with the Division of

Electronics and Electrical Engineering, Dongguk University, as a Post-
doctoral Researcher. From May 2014 to August 2015, he was a Senior
Researcher with the Pioneer Research Center for Controlling Dementia
by Converging Technology, Gyeongsang National University, South Korea.
Since September 2015, he has been an Assistant Professor with the Depart-
ment of Robotics and Mechatronics, Nazarbayev University, Kazakhstan.
His research interests include the field of advanced control system theories,
electric machine drives, renewable energy conversion systems, uninterrupt-
ible power supplies, electromagnetic actuator systems, targeted drug delivery
systems, and nanorobots. He received the Best Research Award from Dong-
guk University, in 2014. He was the Lead Guest Editor for theMathematical
Problems in Engineering Special Issue on ‘‘Advanced control methods for
systems with fast-varying disturbances and applications.’’ He is currently an
Associate Editor of IEEE ACCESS.

66334 VOLUME 9, 2021


