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Abstract: This paper proposes a novel disturbance rejection control scheme for permanent magnet
synchronous motor (PMSM) drives. Based on the framework of modified disturbance observer
(DOB)-based control, the final topology of the proposed disturbance rejection proportional-integral
(DR-PI) controller includes a pre-filter and a controller in a proportional-integral (PI) form. The
proposed DR-PI control scheme is practical with a straightforward gain tuning rule. Note that the
gain selection method is the main issue of not only conventional PI controllers but also advanced
methods such as DOB-based controllers. In addition, by starting from the framework of modified
DOB, this paper also proves that the PI controller with an pre-filter possesses a disturbance rejection
ability similar to a DOB-based control method. To the best of our knowledge, this is the first time
that such a simple and effective PI controller is designed for the speed control of PMSMs as well
as theoretically proven to have a perfect disturbance rejection ability. This paper shows the steps
of selecting the parameters of the proposed controller in terms of the parameters of a desired plant
model, disturbance observer and compensator. Hence, unlike a traditional DOB case, in this approach,
one can simultaneously tune the controller and observer at the same time. The appearance of the
pre-filter from the modified DOB scheme solves an overshoot problem, thus the general motor
operation is significantly improved, which is validated by experiments. The experimental evidence
under two scenarios of load torque change and speed change prove the effectiveness of the proposed
method compared to conventional PI and DOB control (DOBC) schemes. All the experiments were
implemented on a 300 W PMSM of a setup manufactured by Lucas-Nuelle GmbH with a digital
signal processor.

Keywords: disturbance rejection control; disturbance observer; permanent magnet synchronous
motor (PMSM); proportional-integral (PI) control; speed control

1. Introduction

Thanks to its advantages including its high efficiency, compact size, high torque-
to-current ratio, high reliability, and recent advancements in permanent magnet (PM)
materials, permanent magnet synchronous motors (PMSMs) have become increasingly
popular among other types of AC drives [1-5]. Three classes of PMs such as alnico (alloy
of aluminum, nickel, cobalt, iron, and other elements), ferrites, and rare-earth elements
(neodymium—iron-boron (NedFeB), samarium—cobalt (SmCo)) are utilized in electrical
drives [6,7]. Precisely controlling the PMSMs is generally challenging task due to their non-
linear characteristics and various sources of disturbance noises such as external load torque,
frictions, and sensor noises [8]. The conventional proportional-integral (PI) controller is
widely applied for electrical drives including PMSMs because of its simple structure com-
pared to existing advanced control solutions. Moreover, the PI controller has a disturbance
compensation property inside of its control structure, i.e., it takes the tracking error in a
speed loop to estimate an offset as well as the external disturbance to compensate [9,10]. In
speed tracking problems of PMSMs, PI controllers are utilized in cascaded form, i.e., one
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PI controller for the outer speed loop and two PI controllers for the inner current loop. It
is claimed that, under the effect of disturbance, an output of the speed controller could
cause the improper reference for the i;-current controller, which in turn leads to degrading
the PMSM’s performance [11]. Moreover, this also reveals that there is a lack of detailed
analysis about the mechanism of disturbance rejection in practical PI controllers [12]. On
the other hand, despite the linear and simple structure of the conventional PI controller,
it is hard to find a consensus on the rules for tuning the controller parameters. Most
famous tuning techniques require a precise plant model, which often prevents the designer
choosing appropriate gains for their applications [13].

For most industrial control systems, the performance of disturbance rejection is more
vital than the perfect reference point tracking performance [10]. A large number of control
solutions with disturbance rejection mechanisms [14-25] are introduced for the high per-
formance control of PMSM drives. In [14], the extended state observer (ESO) was used to
design a so-called linear—nonlinear switching active disturbance rejection control (ADRC)
for the speed and current control loops of a PMSM. The main advantage of this method is
that it integrates both the linear ESO and the nonlinear ESO to improve the conventional
ESO. Another switching ADRC was introduced for PMSMs in [22]. According to this paper,
the linear ESO is designed to estimate large disturbances, while the nonlinear ESO estimates
small disturbances. The parameters of the linear ESO are tuned by using the frequency
domain analysis, whereas the parameter tuning of the nonlinear ESO is still based on the
practical experience. A DOB-based controller (DOBC) is utilized for estimating unmatched
disturbances in PMSMs [15]. The contribution of this paper is the integration of the current-
constrained proportional-integral-derivative (PID) with an observer. According to the
results in [13], it can be seen that the conventional DOBC shows a good disturbance rejec-
tion ability with some small violation in the current constraint. A high-order disturbance
observer is used with the suboptimal speed controller in [16] to improve the robustness of
an interior PMSM (IPMSM). In this work, the conventional assumption about slowly vary-
ing disturbance is released. Whilst it also shows satisfactory results, however, the general
implementation of the method might require high-performance processors. The enhance-
ment of linear active disturbance rejection control (LADRC) was successfully introduced
for PMSM in [15]. Two linear extended state observers (LESOs) work together to estimate
external and internal disturbances. An application of a special PIDs coined fractional-order
PID (FOPID) and fractional-order PI (FOPI) for PMSMs were studied in [19,20]. In [19], the
parameters of the FOPID were determined using optimization algorithms, whereas in [20],
a nonlinear disturbance observer (NLDO) estimated a load torque and the FOPI adjusted
its parameters online based on the a algorithm. However, to use the FOPI, the plant model
should first be linearized. The work in [21] presented an application of ESO-based internal
model control (IMC)-PID for permanent magnet linear synchronous motors (PMLSMs).
Although the control scheme in [21] showed better results comparing to conventional ones,
the parameters of the IMC-PID can only be obtained when there is available information
about the plant. Hence, the model identification technique should be used to calculate
the nominal values of a plant. An augmented observer in [23] was designed to estimate
the disturbances coming from multiple sources in PMSM drives. Although the designed
control scheme is able to suppress multiple disturbances, the tuning procedures of the con-
troller and observer parameters are not clearly shown. The first-order LADRC in [24] was
implemented for a five-phase PMSM. The method of feedback linearization and extended
high-gain observer in [25] was proposed for the speed control of PMSMs. Although the
speed response of the method was better than that of the traditional PI, detailed steps on
observer design and results of disturbance estimation are missed. In [26], a sliding-mode
observer was presented to estimate the rotor position. In that paper, the harmonics in the
back electromotive force (EMF) was filtered out by a multi-proportional resonant filter
instead of a low-pass filter. The rotor position estimation method presented in [27] utilizes
a dual Luenberger observer. The general structure of the control system in [27] is based on
the cascaded PI-PI control scheme. A composite nonlinear speed controller was proposed
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in [28] to regulate the speed of a PMSM. This method is based on the ESO design, and
it showed satisfactory simulation results, however, more experimental studies should be
performed to validate the practicality of the proposed method. Fuzzy logic was used in [29]
to design a fuzzy adaptive repetitive speed controller for PMSMs. Fuzzy logic-based sliding
mode speed control for a PMSM was presented in [30]. The fuzzy algorithm was added to
solve a problem with chattering phenomena during steady states as well as to improve the
transient performance of the control system.

In this paper, a novel disturbance rejection PI (DR-PI) control algorithm was introduced
for the speed regulation of PMSMs. The main objective of this study was to prove the
perfect disturbance rejection of a PI controller with a pre-filter and a practical tuning
method for the parameters of a PI controller based on the modified DOBC framework.
Instead of separately designing a disturbance observer and then compensating it in the
PI speed controller, the observer and PI controller are combined in a compact structure,
called DR-PI. With this form and its root from the modified DOBC, the gain tuning becomes
straightforward and thus practical. Moreover, in our design, the common issues with the
overshoot of conventional PI control are eliminated via the good design of the pre-filter
of the proposed DR-PI. The experimental evidence shows that the proposed design is not
only simpler than the DOBC, but also achieves certain advantages during transient time.
In summary, the contributions of this work are as follows: (1) A novel disturbance rejection
control scheme for PMSMs: in a conventional PI controller, it is not straightforward to
determine the relationship between the controller parameters and system response. In
recent works, one needs to have the known model of a process to tune the PI controller. The
Ziegler—Nichols (ZN) tuning method is one of the most popular methods used for tuning
PI controllers. However, the ZN method is considered an empiric one, and in practice,
the controller gains tuned by the ZN method might result in unsatisfactory performance.
Furthermore, it is difficult to establish stability conditions using the ZN tuning method.
Considering these facts, it was stated in [12] that, within the modified DOBC framework,
only rough information such as the order of the plant is enough to design a disturbance
rejection controller. Therefore, in this paper, based on the modified DOBC scheme, a PI
controller with a pre-filter is designed with a clearly defined relationship of the controller
parameters and the process through the time constants of the Q-filter and the desired
closed-loop model. To the best of our knowledge, this is the first study to design a compact
DR-PI to effectively control a PMSM; (2) A practical tuning process of the PI controller to
deal with the external disturbances of PMSMs: with a simple but effective structure, the
gain tuning process becomes very straightforward. The explicit form of the DR-PI makes
the stability analysis and the gain selection procedure extremely simple; (3) A useful design
in which the nominal parameters are not required: in this paper, we introduce the desired
closed-loop model of a plant, and consequently avoid the requirement for knowledge of
the nominal parameters; (4) Finally, the simple topology and the implementation of the
pre-filter help eliminate an overshoot, which is common for a conventional PI scheme tuned
by the ZN or other methods.

2. Problem Formulation
2.1. Preliminary

Any plant to be controlled must satisfy the minimum phase (MP) condition in order
to guarantee satisfactory control performance. Most industrial plants are MP systems with
a relatively low order. Hence, a large number of research studies have investigated such
systems [12]. In this study, we assume that the current controllers are properly tuned
and hence, the objective is to design a PI speed controller with an enhanced disturbance
rejection mechanism.

In this study, we assume that the real plant P(s) and nominal plant P, (s) are in the set
of uncertain plants I' [10,24].
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in which 7 and k are defined as positive integers and n > k; AL, )Ll.*, 0; pi+ are known

constants which define the intervals [A;;,A;f] C (0,00) and [p;_k, prf_k} C (0,00). This

means that the given intervals do not include zero, hence the relative order of P(s) is not

changed. Note that the relative order of P(s) is defined by k and the set I' is determined to
be sufficiently large with bounded parametric uncertainties.

2.2. Dynamic Model

It is well known that the response of mechanical rotor speed w, is due to the interaction
of the mechanical torque T;, and the external load torque T;, which can be explained by
the equation:

Jmtom = Tm — T; 2)

where J;; is the rotor inertia. On the other hand, the mechanical torque T, can be ex-
pressed as
Tm = Tg — Tfr — Tvs — Tflux;
Tt = (bpys + by )sign(wm);
Tys = (bed + dvs)wm}
d
T <Y

Tflux = Ced 37
Dy

where T;: electromagnetic torque; Tf: a friction torque; Tys: viscous torque; and Ttpux:
torque due to the pulling force of flux with by, b, and by, for the hysteresis loss coefficient,
an Eddy current coefficient, and a static friction constant, respectively; 1 is a magnetic flux
linkage; and ¢,y is an Eddy current damping coefficient. Hence, (2) can be modified as
follows

Jmm =Te =T —Tos — Ty = T1 = Te — 2 ©)]

where z represents a total disturbance and it is a sum of all the torques described above—
z=T+ Tfr + Tys + TfluX'

Assumption 1. (1) The mechanical rotor speed wy, is available; (2) Ty, Tgy, Tos, Ty are unknown.

Remark 1. In numerous publications, such as [14,15,20,22,25,31,32], the total disturbance z in (3)
only has two terms: Tys and Ty, where Ty is given as a linear functions of rotor speed with a known
negative coefficient. Such modeling has two main problems: (1) It is impractical to model the Tys
and determine its coefficient(s); and (2) Other disturbances such as Tg, and Ty, are omitted, which
is not reflected the real practice.

Equation (3) represents a first-order system with disturbance and its transfer function is

_ 1
Jins

This plant belongs to the set shown in (1) and with the low relative order, i.e., first
order. In this system, w;, represents the system output whereas an electromagnetic torque
T defines the control input.

The system in (3) can be represented in the following general form in the fre-
quency domain,

P(s) (4)

Y(s) = P(s)(U(s) + Z(s)) ®)
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in which Y (s), U(s), and Z(s) are the plant output, the control input, and the disturbance
in the frequency domain, respectively. In this case, Y = w, and U = T,. For simplicity, we
omit the s-variable in the signal notations.

3. Design of Disturbance Rejection Control Scheme for PMSMs
3.1. Disturbance Rejection Control

To reject the disturbance, a DOBC need to be designed. There are many variations of
DOBCs. Figure 1 represents the block diagram of one modified DOBC. In this figure, R(s) is
the speed reference and W is the estimated function of the plant. The modified disturbance
observer reported in [33] uses the inverse of W,, i.e., W~ 1 instead of P 1 which is used in
the conventional DOBC scheme. This modification helps solve the problem with unstable
poles and the canceling of zeros. Introducing a compensator K such that U = KU, and
modifying (5) gives

Y = WUy + (PK — W)Uy + PZ = W,(Uy + ) (6)

in which ¢ = {1 + {2, {4 = W, 1 (PK — W, )Uy, and {, = W, ' PZ. {; and {; are internal and
external disturbances, respectively. These two terms define a total disturbance ¢. As shown,
{1 exists due to (PK — W;) and a large difference creates a large {;. A large {1 negatively
affects the transient performance and the system'’s stability.

Remark 2. In the conventional DOBC scheme, the main difficulties lie in determination of P, ' P,
which in turn creates limitations on the stability and performance of a system. In addition, the
nominal parameters need to be known. Therefore, the main idea in [13,33] is to introduce a stable
and minimum-phase (MP) transfer function W, with a tunable and desired performance instead of
nominal plant Py,. Hence, the limitations of the DOBC are solved and its application is broadened.

A low pass Q-filter has a fractional rational form

_ Wy (15)P + wmfkfl(ﬂs)pfl +- 4wy
T B T

Q(s) )
where # > 0 is a time constant which defines a bandwidth of the Q-filter; p, m are non-
negative integers satisfying p < m — rel.deg(W,) and are chosen such that they have a
proper and realizable QW, !, whereas the parameters of the characteristic equation of the
Q-filter are chosen such that (17s)™ + x,,,_1(178)™ ' + - - - 4 xg is Hurwitz stable and %’ =1

Z(s)
Compensated plant

()

R(s) 4_ Uy(s)

=

Figure 1. Modified DOB scheme.

The desired MP model for the plant is given as a first-order transfer function

1

Wr = pus+1

®)
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Remark 3. Note that the proposed method is applicable for systems with a maximum relative degree
of 2. From (4), it is revealed that the relative degree of the speed loop is 1. From the modified DOB in
Figure 1, we can select a compensator K such that the compensated plant P(s)K(s) has a relative
degree equal to 1. Recall that the external disturbances {y in (6) are created due to (PK — W;).
Therefore, in order to match the order between the compensated plant and desired plant W,, we can
choose the desired model W, as shown in (8).

The compensator has a form K(s) = k.(cs + 1), in which k. > 0 and ¢ > 0. The
parameter ¢ is used for the phase-lead compensation of the plant P(s). The value of the k.
is obtained such that obtaining a stable open-loop P(s)K(s) and its value depends on the
existence of right-half plane (RHP) zeros or poles, as shown below

Pn/\—kﬂ ’ )
kczp—g, if no poles on RHP

{ kC=A—” if no zeros on RHP
Remark 4. For the plants with slow dynamics and a large y, a large o should be set. In contrast,
for the plants with fast dynamics and small y, a small o should be defined.

Based on the modified DOBC in Figure 1, a closed-loop transfer function for the control
system is derived as
- KW, P
N KQP + W, —W,Q

It should be noted that the closed-loop transfer function of the proposed DR-PI
controller-based system is similar to (10). It is known that the general transfer function of a
negative unity-feedback closed-loop system is defined by G = %, where P’ and K’
are a plant and controller, in general. To have (10) in the general form, let us divide the
numerator and denumerator of (10) by KQP, and hence

G

(10)

Wy W
= = (11)
Wr Wy Wy —W;r
1+ KQP ~ KP 1+ KQP Q
Then, after some mathematical manipulations, (11) can be written as
W, KQP
= 22 (12)
I+ w-wo
Noting that G = %, (12) is modified as
KQP
Y —_ W, —W,Q (13)
W, KQP
RT 1+ wwg

Hence, from (13), it is obtained that the proposed controller derived from the modified
DOBC scheme should have a form

K(s)Q(s)
Cpr—p1 = 14
DR-PI = W1 = Q) (14)
The DR-PI diagram is proposed as shown in Figure 2. V&(:)) in (13) corresponds to a

pre-filter of the reference signal.
After the substitution of W,(s), Q(s), and K(s) into (14), the DR-PI is obtained

c (15)

— M An ;
{ Cpr_p1 = o+ PnkaS’lf no zeros on RHP

o1 A, A ,if no poles on RHP
DR PI*PO’W‘FPO’/S
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The pre-filter in (13) is chosen in the form as in [11].

_ o
Sr(8) = oz (16)

Furthermore, the Q-filter in (7) is taken as a first-order transfer function

Qls) = (17)

Z(s)

R(s) +* Y(s)

Figure 2. Proposed DR-PI controller.

3.2. Disturbance Rejection Control for PMSMs

From (4), it can be seen that we have a first-order transfer function in the speed loop.
The obtained transfer function has no zeros on the RHP and has a pole with real and
imaginary parts, both equal to zero. Hence, we consider a case in which there are no zeros

on the RHP and set n =1, k = 1 to define k; from (9) and DR-PI in (15) as k. AL and

= por
Cpr_pr = f%i + po/}lly <. Let us write the DR-PI controller in the conventional structure as
1
Cpr-pr1 = Kp(1+ —) (18)
us
where Kj, = P%Y = chy From (18), it can be seen that the proportional gain and integral

time constant are expressed via k¢, ¢, and #, which, in turn, explicitly shows the intercon-
nection between W;, Q(s), and K(s). This advantage helps tune the PI controller in a more
systematic way rather than the trial-and-error approach as in conventional PI controllers.

Remark 5. In the proposed DR-PI controller, there is no estimation signal of disturbance, as
in many DOBC methods [14,15,20,22,25,31,32]. This makes sense as here we care about the
disturbance rejection ability of the control scheme, not the estimation of the disturbance itself. In this
case, the disturbance observer and controller are combined in order to make the controller simpler
and more practical to design.

Remark 6. It should be noted that, one important difference of the proposed DR-PI compared to
the other methods, is the pre-filter added to filter the reference speed. This pre-filter appears from
the modified DOBC scheme and is then further adapted for DR-PI. In [34], a second-order filter
with fast dynamics was added to the reference speed. The paper claimed that, by doing this, they can
make the speed response faster without further analysis. In our case, the so-called pre-filter is the
first-order filter playing the same role. The interesting point is that this pre-filter is derived from
the framework of a modified DOBC. A pre-filter is successfully implemented in control systems
introduced in [35-38].

3.3. Gain Tuning Mechanism

What is interesting here is that the modified-based DR controller for the system in (3) is
reduced to a simple PI controller, as shown in (18) with a pre-filter in (16) after the reference
signal, as presented in Figure 2. Moreover, as shown in [12], the ADRC can be represented
as a PID controller for general second-order systems. Then, the question here now is how
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to tune the PI/PID gains to effectively reject the disturbance. We can see that the proposed
DR-PI controller now has the gains expressed via k., ¢, and # and « in (18).

3.3.1. Stability-Based Gain Selections

Using (18), we can easily derive the following characteristic equation of the closed-loop
control using the proposed DR-PI controller

kep ke
s+a)(s?+ =Ls+
(1 )( T T

)=0 (19)

Then, we have the following comments: (1) When all the parameters are positive, the
characteristic equation in (19) always has its roots on the left half of the complex plane, i.e.,

it is always stable; (2) To improve the stability margin, i.e., the real part of the roots which
kep
’ ]m’]

is far from the origin must be as big as possible.

3.3.2. Gain Selections Based on the Meaning of Functions

(1) # in (17) is designed for a low-pass filter, and the filter performance is better if # is
smaller; (2) The reciprocal value of y is the bandwidth parameter determining the speed of
the closed-loop response, then y can be selected to be small; (3) By default, « in (16) is set to
be one.

As the final form of the DR-PI controller is a PI controller with a pre-filter, the stability
analysis is made very simple by selecting gains to stabilize the characteristic Equation (19).
Note that the u selection is also discussed in Remark 3. The gain tuning procedure for the
proposed DR-P1 is presented in Figure 3. The overall diagram of the proposed DR-PI-based
control scheme for PMSMs is illustrated in Figure 4.

Choose initial values of
k., 1L, 1, a as discussed
in III.C

Is the
performance
satisfied under
considered
scenarios?

YES

Gradually increase k. and u
4 (and/or decrease n), as discussed
in IT1.C, to enhance a performance

Figure 3. Tuning algorithm of the DR-PL
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Encoder

Figure 4. Overall diagram of the control system with the proposed DR-PL

4. Results and Discussions
4.1. Simulations and Experiments Comparison

In the first part of the section, the simulation and experimental work are conducted
to check the disturbance rejection performance of the proposed method with various
controller gains. The simulations are performed on Matlab 2019a/Simulink environment
and the experimental validations are based on a 300-W PMSM of a setup manufactured by
Lucas-Nuelle GmbH (Figure 5). The load torque is supplied by a 1.7 KW induction motor
(IM) controlled by the servo-machine control unit. The main control algorithm is prepared
and tested in MATLAB 2019a/Simulink and processed with a 8 kHz digital signal processor
(DSP). The PMSM parameters are given in Table 1. All the simulations and experiments are
performed according to the scenarios presented in Figures 6 and 7.

3-phase transformer
— Ty

a3

|
i :
g 3

Figure 5. Experimental setup.
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&
g 05
o
56 0 L L |
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Time (s)

Figure 6. Step-change of the speed from 1000 rpm to 1800 rpm under the rated torque—Scenario 1.

E 1800
& 1000
el
g o- . :
o 0 1.5 3 1.5 2 2.5
Py Time (s)
E
z,
§0.5 F 1
;5 0— 1 |
=0 0.5 1 1.5 2 2.5 3
Time (s)

Figure 7. Step-change of the load torque from zero to a rated value at constant speed of 1800
rpm—Scenario 2.

Figure 8 shows the simulation result of the DR-PI controller when a rated load torque
is suddenly applied at a constant speed of 1800 rpm (Scenario 2) with different values
of proportional gains Kj,. Four different proportional gains were tested which reveals
that, with higher gains, the DR-PI performs with less drop and overshoot reference speed
tracking. Figure 9 shows the current responses for each proportional gain in simulations
for this case. On the other hand, Figures 10 and 11 illustrate the experimental results under
the same conditions as simulation studies. This reveals that the performance of the system
becomes better when the proportional gain is selected as close to 0.0495 as possible. We
can also observe that the experimental results show the same trend as indicated by the
simulations, although there are some detected differences. Tables The selected control gains
of three methods are listed in Table 2. Tables 3 and 4 summarize the performance of the
proposed controller associated with these simulation and experimental studies.

Table 1. Parameters of the PMSM.

Parameters Values Units
Rated speed, w; 4 2500 rpm
Nominal load torque 0.97 N-m
Pole pairs, Z, 4 -
Nominal resistance of the 237 o)
stator, Rg
Nominal inductance of the 43 nH
stator, Lg
Magnetic flux linkage, ¢ 0.0623 V-s/rad

Nominal inertia of the rotor, [, 0.0033 kg-m2
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Table 2. Parameters of the speed controller.
Parameter Convent. PI DOBC DR-PI
Proportional gain, K 0.0045 0.0020 0.0495
Integral time constant, T; 0.3000 0.0500 0.1500
Compensator gain, k¢ - - 0.022
Time constant, 1 - - 0.0667
Time constant, u - -
Table 3. Performance of DR-PI with a different Kj, and constant T; = 0.15 in simulations.
Kp = 0.01 Kp = 0.02 Kp = 0.04 Kp = 0.0495
Speed overshoot, % 0.5 - - -
Speed drop, % 8.8 5.2 3 2.5

Table 4. Performance of DR-PI with a different Kj, and constant T; = 0.15 in experiments.

K, = 0.01 K, = 0.02 K, = 0.04 K, = 0.0495
Speed overshoot, % - - - -
Speed drop, % 18 10 6.7 5.78

1850 ; ;
1800 =

—_ -Reference speed

E -K =001

&2 1750 g K =002

3 VAN K =0.04

1700+ T K =0.0495
1650 VS

0 0.5 1 1.5 2 2.5 3

Time (s)

Figure 8. Speed response of the DR-PI with a different K, and constant T; under Scenario 2. Simula-

tion result.

~6 _6
] - id-current = - id-current
L2 L2
el R 1g-current = 1q-current
=) 3 L
UO""“““““"'"""——_ Q() ~~~~~~~~~ 3t S i mS =~ ~
0 1 2 3 0 1 2 3
Time (s) Time (s)
(a) (b)
€6 4 €6
=4 - kﬁ_k_j“,‘..._ oo 4 ~H
§ 5 - id-current 5 5 - id-current
5“1 ~ig-current 4l ~ig-current
S0- B L -~ OOF-=-=-=nevmnaao s
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Figure 9. Current response of the DR-PI with a different K, and constant T; under Scenario 2.

Simulation result: (a) K, = 0.01; (b) K, = 0.02; (c) Kp = 0.04; and (d) K, = 0.0495.
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Figure 10. Speed response of the DR-PI with different K, and constant T; under Scenario 2. Experi-
mental result.
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Figure 11. Current response of the DR-PI with different K, and constant T; under Scenario 2.
Experimental result: (a) K, = 0.01; (b) K, = 0.02; (c) K, = 0.04; and (d) K, = 0.0495.

4.2. Comparative Experimental Results of the DR-PI, Conventional PI, and DOBC

In the second part of this section, the conventional PI and conventional DOBC schemes
are compared experimentally with the proposed DR-PI. It is known that the ZN method
provides the characteristics of a dynamic system based on its step response. The characteris-
tics are mainly described in terms of the following parameters, the so-called ultimate period
of oscillations T,;;, ultimate gain K,;j;, and time delay D, or, shortly, T,;;K,;;D. In this study,
the T,;;K,;;D-based ZN [11] is utilized to find the gains of the conventional PI controller,
whereas the gains of the PI in the DOBC are chosen by following the method in [33]. The
T,1: K+ D values are found to be T,;;; = 0.15s, K;;;; = 303.0303, and D = 0.1 s. Hence, the
ZN-based conventional PI controller parameters are defined in terms of T,;;K,;;D as below

09T
K= KD
T, = 3D

First, the performances of the controllers are analyzed under the constant rated load
torque with a speed-change from 1000 rpm to 1800 rpm, i.e., Scenario 1 is presented in
Figure 6. Figure 12 shows the speed responses of three controllers. From this plot, it is
shown that even though the conventional PI and DOBC have a faster response in initial
instances, the proposed DR-PI controller has the best tracking performance, i.e., it converges
the fastest with the shortest settling time and no overshoot. Note that the conventional
PI is better than DOBC with less settling time, i.e., 0.9 s/1.6 s, to reach and stay within
a tolerance band of 1% at the steady state—whereas for the DR-PI, this value is 0.575 s.
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Furthermore, the highest speed overshoot among three controllers belongs to the DOBC
with a value of 5.56%, while the conventional PI and DR-P]I, respectively, have values of
5.39% and 0%. This phenomenon is explained by the following reason: DOB is designed for
disturbance rejection, however, it has some delays in the disturbance estimation and makes
the speed response under the speed step-change condition worse than conventional PI.
Furthermore, it is known that an overshoot negatively affects performance by elongating
the settling time. The fast convergence of the proposed controller is mainly due to the
appeared pre-filter based on the modified DOB which helps eliminate an overshoot and
hence makes the overall DR-PI faster than the other two controllers. A fast convergence
effect of a pre-filter can also be observed in the work of [34,39]. Figure 13 presents the
associated dynamics of the i;- and iz-currents under this condition. The i;-current for three
controllers has a smooth shape and fluctuates around zero, however, the DR-PI can still
maintain the iy current better when the speed change occurs. The performance of three
control methods are summarized in Figure 14.

In the second experiment, a step-change of load torque from zero to the rated value
is applied when the constant reference speed is set to 1800 rpm (i.e., Scenario 2 shown in
Figure 7). The speed responses of three controllers are presented in Figure 15. In this case,
the proposed DR-PI significantly outperforms the two remaining controllers in terms of
disturbance rejection ability. The maximum speed drop for the DR-PI case is approximately
4.33% compared to 10%/32.78% for the DOBC and conventional PI, respectively. At the
same time, when the DOBC outputs an overshoot of 1.61%, both the conventional PI and
DR-PI have no overshoot in speed response. Moreover, from Figure 15, it is observed that
the DR-PI requires the shortest time to recover among three control methods (i.e., settling
time, DR-PI: 0.2 s, DOBC: 1.05 s, conventional PI: 0.925 s). Note that the DOBC shows
a superior disturbance rejection ability compared to the conventional PI control method
(speed drop, DOBC: 10%, conventional PI: 32.78%) with a similar settling time (1.05 and
0.925 s), except for a small overshoot amount (1.61%). The advantages of both DOBC and
DR-PI schemes can also be seen from the dynamics of the i;- and i;-currents shown in
Figure 16. The DOBC and DR-PI controllers generate a quite similar i;-current command,
but the DR-PI has a sharp i;-current shape when the rated torque is applied and it results in
no overshoot and a small drop in speed response. Unlike the results of two other controllers,
the conventional PI controller has the smoothest i; meaning that this controller is not able
withstand the sudden load changes and it requires more time to return to a steady state.
In the DR-PI controller’s case, the i;-current fluctuates for approximately 0.2 s after the
rated torque is applied, while the times for the conventional PI and DOBC are 1 s and 1.5 s,
respectively. The speed regulation performance for Scenario 2 is illustrated in Figure 17.

+{*1% band

P R

E --Reference speed
& - Conventional PI
3 ~DOBC
2 —DR-PI
wn

0 0.5 1 1.5 2 25 3 35 4

Time (s)

Figure 12. The speed responses of three control methods under Scenario 1.
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Figure 13. i; and i; currents dynamics of three control methods under Scenario 1.
The experimental results show that, compared to the conventional PI and DOBC

schemes, the proposed DR-PI has the best disturbance rejection ability with the smoothest
current shapes and shorter time for recovering after a disturbance effect.
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Figure 14. Numerical performance of three control methods under Scenario 1: (a) speed overshoot;
and (b) settling time.
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Figure 15. Speed tracking performances of three control methods under Scenario 2.
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Figure 16. i; and i; currents of three control methods under Scenario 2.
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Figure 17. Numerical performance of three control methods under Scenario 2: (a) speed drop;
(b) speed overshoot; and (c) settling time.

5. Conclusions

A novel DR-PI controller was proposed and successfully applied to control the speed
of PMSMs. The experiments were completed to compare the results of the DR-PI with
conventional PI and DOBC schemes. Based on the obtained experimental results, it is
obvious that, under a sudden disturbance effect and speed changes, the DR-PI scheme can
show superior results with less settling time and absence of overshoot which are common
to the two other controllers. Furthermore, unlike the DOBC, in which the PI controller
and observer parameters are tuned separately, in the DR-PI controller, the tuning of the
PI controller is successfully achieved in close relationship with the tuning of the Q-filter
required for disturbance attenuation. Hence, the tuning process of the whole control system
becomes more systematic and practical. Thanks to the introduction of the desired closed
loop model, the requirement for available plant information (used in DOBC) might be
removed. The proposed controller is simple and it has an easy and clear way of tuning the
gains. As the experiments show, the controller can be successfully utilized in the control of
AC electrical drives, particularly PMSMs. Moreover, the proposed DR-PI controller can
be used to replace the conventional PI controller in other applications, but of course, with
careful consideration. In this work, we aimed to propose the DR-PI controller which can be
tuned in a systematic way and at the same time, with improved performance compared
to the conventional PI controller. The advantage of using the DR-PI is that this method
does not require exact plant model information to design DOBC scheme. Furthermore, by
tuning the controller gains, we are simultaneously able to tune the low-pass filter, which is
essential in the suppression of disturbance in the system. However, its drawback is that,
unlike the conventional PI, the DR-PI shows a slightly slower response time due to the
implicit disturbance estimation mechanism in its design. However, this drawback can be
eliminated by carefully designing the pre-filter. The analysis of the relation between the
time constants of a desired closed loop model, low-pass filter as well as a compensator and
their effect on system performance needs to be considered as a future work.
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