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Abstract

Permanent magnet synchronous motors are one of the most widely used motors in various industries. By using a closed-
loop control system, the speed control of these motors can be adjusted. The dynamics of this type of motor are nonlinear.
In recent years, nonlinear controllers have been used to control permanent magnet synchronous motors. Although these
methods do not require linearization around the operating point, they are not robust to uncertainty. The use of an observer-
based nonlinear controller is a solution for controlling uncertain nonlinear systems. In this method, the uncertainty
estimation is provided to the controller using an extended observer. Another point in controlling a permanent magnet
synchronous motor is the two-input two-output of the dynamic model of this system. Therefore, the use of multivariate
control techniques to design the control input vector would be desirable. In this paper, an observer-based nonlinear vector
method is used to control the MIMO model of the permanent magnet synchronous motor. For this purpose, we assume the
load torque to be uncertain and estimate it using an extended observer. Then, the MIMO feedback linearization method is
used to design the control input vector. Using the proposed method has advantages such as a nonlinear control system,
robust to uncertainty, and vector controller scheme. These advantages are demonstrated by analytically and using computer

simulations.
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1. Introduction

Industrial motors can be divided into two categories: direct
current (DC) and alternating current (AC). Also, alternating
current motors can be divided into two categories:
synchronous and asynchronous. Permanent magnet
synchronous motors (PMSM) are classified as alternating
current and synchronous motors. Today, PMSMs have a very
appropriate position in the industry due to their high
efficiency, high power density and wide speed range, and they
are used in industries such as automobile manufacturing,
home appliances, aerospace and marine industries. These
motors are a very suitable option for control applications due
to their low inertia and good controllability. The simple
structure of these motors frugality their repair and
maintenance cost and time [38]. The first step in controlling
PMSMs is to achieve a dynamic model. In recent years,
modeling of this category of engines has been done in
authentic references and can be cited. In many references, a
common model in d-q coordinates has been used for these
motors. For example, in reference [12], modeling of PMSMs
is performed and dynamic equations are given in d-q
coordinates. Also in the reference [1] by considering the three
variables of id, iq currents and shaft angular speed, the
nonlinear dynamics of this system is obtained. In references
[29] and [2] similar to the reference [1] by defining the state
variables in d-q coordinates, the nonlinear state equations of
the PMSM are presented. Uncertainty and disturbance due to
load torque changes are also modeled in these references. In
the reference [22] a similar model has been obtained with the
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mentioned references, but in this reference, the size of the
inductors in the d and q directions has been equalized and
simplification has been done. In most of these references, the
voltage in the d and q directions is assumed to be two control
inputs. In the reference [30] in the d-q coordinates, a different
model is presented by considering the flux instead of the
current as a state variable. The reference [30] is similar to the
previous references and in each equation, the state of changes
of electrical and mechanical parameters and load torque is
assumed to be uncertain. Finally, the linearization of
equations has been used to control it. In the reference [22] a
fractional-order model for nonlinear dynamics of a PMSM is
considered. In [30] modeling has been done with the aim of
integrated position and speed control for a PMSM, and the
variables of current state, position and speed of the motor
shaft have been considered.

Methods of control of PMSMs are divided into two
groups: vector and scalar method. Using vector control
method, the high performance of three-phase PMSM can be
achieved. In this method, the current vectors ig and i are
controlled. The field control achieved by zeroing the i current
causes the magnet to adjust the magnet on the d axis and
creates a linear relationship between current and torque [10].
In controlling the vector magnetism of PMSMs, it has been
tried that the rotor flux is always on the d axis and the stator
current flux generation component i cshould be zero so that
the torque does not decrease. With the stator current being
zero in the vector control method, the torque is adjusted by
the other component of the current. A speed sensor connected
to the rotor shaft must be used to control the speed [23]. The
most common method of controlling industrial systems is the
proportional controller of the integral derivative. This
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controller has been used to control the speed of a PMSM [16].
The dynamics of these motors are nonlinear and PID linear
controllers cannot have good control in all operating
conditions of the motor, so it cannot be a good option for
accurate control of the speed of PMSMs. Using a PID
controller with constant coefficients has been a good option
for applying control commands. Based on this, the reference
[28] provides a self-adjusting PID controller for the PMSM.
In reference [5] using the optimal particle aggregation smart
method, the PID controller parameters are adjusted to control
the PMSM. In [25] using a fuzzy controller, the parameters of
the PID controller are set based on the change of engine speed
and online. Reference [8] using neural networks, an algorithm
is proposed to control and adjust the parameters of the PID
controller, which can detect parametric changes and increase
the robustness of the system. Create and measure a good
controller for synchronous motor speeds of three-phase
permanent magnet in the presence of noise and environmental
disturbances. In references [13] and [24] using the adaptive
control method, the control of the PMSM has been done. In
reference [14] the model predictive control has been used to
control the speed of the three-phase PMSM. In [29], adaptive
sliding mode control is used to minimize torque ripple in the
PMSM. In this method, chattering is the main problem of
sliding mode in the control signal prevents implementation.
In [22], a fuzzy first order sliding mode hybrid controller is
used to control the system, and in [30] integrated position and
speed control for a PMSM using sliding mode control
optimized with smart algorithms done. One solution to
reduce undesirable fluctuations in sliding mode control is to
use a disturbance observer. The design principles of
disturbance observer are presented in [11], [21], [6] and [17].
In [1], a terminal-order non-singular sliding mode controller
based on the observer is used to control the PMSM. In this
reference, the observer is used to estimate the position and
speed of the motor shaft, and control input equation includes
the sign function. Therefore, the saturation function has been
used to prevent chattering from occurring, but it still reduces
accuracy. In [2] a second-order sliding mode controller is
used for the nonlinear and uncertain system of the PMSM in
d-q coordinates, which emits a smooth control signal. This
controller requires an uncertain exact estimate.

In [22] sliding mode controller based on an extended
observer is used to control the speed of the PMSM. In this
reference, the slider variable is defined based on the terminal
sliding mode method, which guarantees the time-limited
convergence of state variables. The problem with this method
is the use of the discontinuous function of the signal in the
control input relation, which is solved using the continuous
approximation method and the saturation function replaces
the signal function. In [29] the sliding mode-predictor hybrid
controller is used along with an extended observer to estimate
the disturbance, and there is also the problem of chattering
due to the signal function. Reference [27] uses the ultimate
sliding mode control to design the controller and the nonlinear
viewer to estimate the uncertainties. The only problem with
this reference, according to the principles of first-order sliding
mode, is the use of the discontinuous function of the signal
and the creation of chattering in the control signal. Nonlinear
systems can be linearized without linearization and
approximation using the linearizer feedback method. Then,
for the linearized system, the controller can be designed from
any linear method. In reference [9], the design principles are
presented by the linear feedback method. The design of
nonlinear controllers for multi-input multi-output systems is
also examined in references [31] and [32]. In the linear
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feedback method for single-input single-output systems and
multi-input multi-output systems, first, the system is
converted to a linear form by removing nonlinear sentences,
and then for the linearized system, the controller can be used
with any designed a linear method. A combination of control
theories and multivariate techniques has also been proposed
by researchers for PMSMs. In [33, 35] fuzzy-multivariate
hybrid controller in [34] optimal-multivariate hybrid control
and in [36] predictive-multivariate linear control is designed
for PMSM. By studying the results of references, in many
references, controllers of the non-linear type such as sliding
mode and nonlinear H,, are designed for this system. In
recent years, extended observer nonlinear controllers have
been introduced for uncertain nonlinear systems and have
many advantages over robust nonlinear control methods such
as slip mode and nonlinearH,,. These motors have two input-
two output equations, so to increase the efficiency of the
control system, it is better to use multivariate control theories
for it. Summarizing the contents mentioned as an innovation
of this paper, the design of a nonlinear controller based on the
observer in vector state for a two-input two-output system of
a PMSM is proposed, which will be a hybrid method.

In this section, the research topic is described. Also,
researches on the control of PMSMs were reviewed. In the
second part, the concepts related to PMSMs and its modeling
will be explained. In the third section, the proposed control
theory is described and this method will be used in the fourth
section to control the PMSM. In the fifth section, the
simulation results are presented and finally in the last section,
we summarize and conclude.

2. Dynamic model of PMSM

In reference [3], the equations of state space are in the form
of equation (1).

. _ _Rs. . ug
g = le+Pna)lq+L
. . Rs . Pnipy Ug
lg = —Pwig—Tig———w+— (1
_ Pniy . B TL
_—lq—— —_ =
J J J

where Is and I, are the currents of the d-q axes, Y,is the
leakage flux between the rotor and the stator, ug and uq are the
voltages applied to the motor at reference d-q and ® the rotor
speed, Lq and Lq are the inductances of the d-q axes, R is the
stator resistance, P, is the number of pairs of motor poles and
Ty is the load torque that is assumed to be uncertain. In this
reference, Lq and Ly are equal.

3. Proposed control theory

3.1 MIMO feedback linearization

Feedback linearization is one of the nonlinear control theories
for controlling dynamic systems. First, the nonlinear system
is transformed into a new dynamic system using a nonlinear
feedback, then linear control methods can be used to control
this linear system. This feedback can be designed in two
ways: input-state and input-output. To stabilize a nonlinear
system, the state-input linear feedback is used to stabilize a
nonlinear system and input-output linear feedback theory is
used for tracking. For the input-state linear feedback theory,
consider the following nonlinear system:



Gh. Omrani, B. Abdi, V. Behnamgol and Gh. Derakhshan./Journal of Engineering Science and Technology Review 14 (3) (2021) 34 - 41

x = Ax + Bw(x)[u — ¢p(x)] )
x € X € R™are state vectors, u € Rare control inputs, A €
R™>™™ | BeR™! are coefficient matrices, and
¢(x),w(x):D c R" - Rare nonlinear functions.w(x) # 0
and (4, B) are assumed to be controllable. In the input-state
linear feedback method, the control input is designed as
follows:

u=¢x)+wxv A3)

The closed loop system will be in the following form:

x =Ax + Bv @)

The secondary control v can be designed using linear
control methods to control the system (4). Figure (1) shows
the structure of a control loop in a nonlinear system using
linear feedback as a block diagram:

g |
Desired! k | ! System
State : Secondary : Nonlinear Part of : 1 States

Control _:9 Controller _:) Nonlinear System :

I (Linear) " | :
I ! 1 4 n 7/ AT 14,
IL ! 1 |
Controller ~~~~~ "~ "1 ~"TTTTTTTTToToooooomoooo- p

Nonlinear Loop

Linear Loop

Fig. 1- Nonlinear control loop using linear feedback law

In the linear feedback method, first of all, the nonlinear
part of the system is removed by using feedback and the
secondary control is designed to control the linearized system.
If the system is not in form (2), first, it must find a way to
convert the system to form (2) using normalization
techniques, and then design the controller. To track the
desired output, the input-output feedback linearization theory
is used. Consider the following nonlinear system:

(i =16+ g0 -
y = h(x)

x € X c R™ is state vector, u € R is control input, y € R is
system output, f(x),g(x):D c R" - R" and A(x):D c
R™ - R are nonlinear functions. The issue is to find the
control law b that causes the desired output g to be tracked by
the system output. For this purpose, first the input-output
relevancy will be obtained by deriving from the output of the
system. The first output derivative will be as follows:

. 0.

=—Xx =
y ax

a a
Zf(x) + 2= g()u ©)

Definition 3-1 Consider the function #:D C R" — R and

the vector space f:DcR"—>R" Z—: f(x) is a derivative of
Lie h relative to fand denoted by L¢2(x). Suppose the input
appears in the nth derivative of the output as follows:
y® = L7 h(x) + LyL "V h(x)u (7)

According to equation (10), the nonlinear functions f(x),
g(x) and h(x) must be smooth and their Lie derivatives can
be defined. LgLf(r_l)h(x) must be the opposite of zero.

Therefore, using the input-output linear feedback theory, the
control input is designed as follows:

=— 1 (LT
u= LoL, D ( Le"h(x) + v) ®
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Using the controller (8) in the system (7), the output
differential equation will be converted to a linear form (9).
yO=v €
v can be designed using any linear control method to track the
desired output. The stability of internal dynamics after output
stabilization should be examined separately from appropriate
methods [9]. Suppose that in equation (6) the system multi-
input multi-output is nonlinear and is the vector of nonlinear
functions of state variables, g(x) is the matrix of nonlinear
functions of state variables, y = A(x) is the output vector of
system and u is the input vector. Now, we derive all the
outputs for the input to appear.

YO (L) | [Br Ley L ()u
Y| GO | | Ly L7 Ry (o,
yr(rfm) L;mhm(x) ZTRn=1 Lgk L;m_lhm(x)uk
= L) +](x)u (10)
The control input vector is designed as follows:
u=J) ' [-L(x) +v] )
The output vector is converted as follows:
yl(rl) v,
v | |v (12)
] Lo

From any linear method, the input vector v can be
determined to stabilize or track the outputs. All v-vector
components can be designed separately for output
stabilization [31, 32].
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3.2. Extended State Observer

We use the observer to estimate the unmeasurable
information of the system. Now, the controller can be
executed by estimated variables and uncertain functions.
Using an extended observer, it is possible to estimates of
unmeasurable and uncertain parts. In this section, an extended
observer that has been presented in the references in recent
years is introduced. Consider the nonlinear system in the
following form:

X, =X,
X =f(x)+gxu+d (13)
y=x

xand yare the state variables, d(t) is the uncertain part and
uis the control input. In this system, only the state variable x
can be measured. The state observer is defined as follows in
reference [37]:

% =%, + pie

%, = f(x) + g(x)u+d+ B,fal(e,aj, ) 14
d Bsfal(e, a,, &)

y=3

e=y—jJ =x, —X; is estimation error, 8, , S, , B3 and
observer adjustment parameters and %, , £, , d are estimates
of variables x;, x,, d, respectively. The fal(e, @, §) function
is defined as follows:

fal(e, a,6) = {81 @ lel <98 (15)

le|®sign(e), le|] > &

0 < a < land § is a small number. Using Equations (15) and
(14) in the system (13) the dynamics of the observer error is
obtained as follows:

Cx, = y-—y

éx1 = €y, — Blexl

b, = eq - Bofal(er, a1, 5)

éq = —d(t) — Bsfal(ey,, az, &)

(16)

In reference [37], convergence of error and proof of the
stability of this observer has been done.

3.3. Observer based MIMO feedback linearization

Here, by combining the contents of the previous sections, the
observer based MIMO feedback linearization method for
uncertain multi-input multi-output nonlinear systems 1is
described. So consider the following system which is MIMO
and nonlinear:

{x =f(x)+g)u+w(t)
y = h(x)

Where f{x) is a vector of nonlinear functions of state
variables, g(x) is a matrix of nonlinear functions of state
variables, y=h(x) is a system output vector, w(t) is an
uncertain vector, and u is an input vector. Now we derive from
each output to display the input:

(a7

37

[y L hy (x) Tty Ly, L hy (0w

v | 2L ha () | zm Ly, L7 hy (e |

[y | [ Ly, () ZZ‘:ngk L7 iy (2O

dy(t)

[, (1)

y™ = L(x) +J(x)u + D(t) (19)

For this nonlinear and uncertain system, the control input
vector is designed as follows:

u=J) M [~Lx) = D) +V],

(20)
%1 ( )
v=|"| by=|%®
L dm(t)

Assuming that the uncertain vector is accurately
estimated, the output vector is as follows:

(r1)

Yy U

(r2)

yz“ — | @1)
yfrf’”) Vm

We can determine the input vector v from any linear
method to stabilize or track the outputs. The auxiliary input
vector Using state feedback technique will be as follows:

(r1)

—ki1e1 — kppé—.. _k1r 91( D 4 Y14

21
V2 —kyi€; — kppéy—... —kyp €5 (r2=1) 4 y(rz) 22
Um —kpiem —kpabm—. .. _kmr elm-1 4 y(rm)

According to the uncertain observer design section, each
of the uncertainty estimation vector are as follows:

Zi1 = Zip + Bine;
m
Zip = A+ LG + ) L, L (o + Bofal(er, @i, 59

d = Bizfal(e;, aiz, 6;)
Ziy =9
[ =

(23)

e, =y, —¥y;, i=l.m (24)
where f3;; , Biz , Biz are observer adjustment parameters and
Z, . Zip , d;are estimates of variables y; 0D, 3,00 d,

respectively. The f al(e, a, 6) function is defined as follows:

— lel<¢
fal(e,a,6) =46

le|®sign(e), le|] > &
0 < a < 1 and 6 is a small number.

(25)
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4. Control system design

In this section, the observer based MIMO feedback
linearization method, is used for the nonlinear two-input two-
output PMSM system. Consider the dynamic equations of the
system:

——ld + P, wi,

=0 . 0
RS . Pnr d
R et O R T
Pnlp Padby B L 1
lg—— () L
(20)
state variables as:
X=[x X x)=[ig i o] 27)
Control input vector as:
U=[t U] =[Ua U] (28)
Output vector as:
Y=[D1 Y|=[ia o] (29)
The state space form of this system:
., _%x1 + Pxoxs L)
*1 Rg Pnzpf L Uy
Xy | = | —Puxix3 — X2~ x|+|g 1 [uz] +
| X Ppy B L
3 foz - 7X3 0 0
[ 0
0 lw® (30)

. L

V1] _ %1

[yz] - [x3]

w(t) =T, is considered as disturbance. In Equation (30)

dynamics of a two-input two-output PMSM is nonlinear and
uncertain. For this system, we have:

y™ = L(x) +J(x)u + D(t)

721 Ly (x) Ji2] W d, ()
}72] [Lz(x)] [/ ]22] d,(t) G
Li(x)=— I x1 + B,x,x3
B, . Ry, B
L,(x) = ]wf (=B, wiqy —qu — Zl}fa) +%)
_E Pnlpf . _E
7CT T
1
11 = Z
Ji2=0
]21 - 10:) w
nvf
]22 - ]L
d,(t)=0
B T,
d, () =]_2TL T

The control input vector is designed as follows:

38

u=J) L) -D@®) +V], V= [Zj D(t) =

0
2.0l L
P,
JGo)t = 1 Jo2 iz _ JL JL
]11]22 —Ji2J21 1 Ju Pnlrbf l
L
_ L)
10 =[2G
_%X1+anZX3
- By Rs Py Uq B By . B
i ( Pna)ld—Oqu— I T) ]( i Lq—jw)
~ 0 A
“U=bmJ=§ﬁ—ﬂ

Assuming that the uncertain vector is accurately
estimated, the output vector is as follows:

1-
Y2 V2

Now the input vector v can be determined from any linear
method to stabilize or track the outputs. For this purpose, the

auxiliary input vector using state feedback technique will be
as follows:

(33)

—k.e; + 9
] 161 T V1, . ) (34)
—ky1e; — koz€; + 2,
— Y14
3’1 =
3’1d:0
€2 = Y2 = Vo
Vo= w
yzd:wref
Uncertain variables estimation is obtained as follows:
7 =2, + Pre
2, = dy + bu, + B,fal(e, a, ;)
d, = Bsfal(e, a3, 6,) (35)
7z =9,
_ Pnlnbf _ . _&. _inf _E Pnlpf. _E inf
b—(] (inld qu Lw) ](] iq ]a)>+ ]L)
’ < 5
fal(e,a,8) = {51 a» lel (36)
le|®sign(e), le|] > &

0 < a < 1 and 6 are small numbers.

5. Simulation results

In this section, we simulate the performance of the observer-
based MIMO feedback linearization controller in controlling
the current and angular speed of a model of a PMSM in the
MATLAB. In the next section, the destructive effect of load
torque, which is assumed to be uncertain, is first shown. Then,
an improvement in the performance of the control system
using the disturbance observer is shown. The dynamic model
of the PMSM in this section is taken from the reference [3].
The values of the parameters used are listed in Table (1):
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Table 1. Parameter values

Parameter Value unit
Rs 2.875 Ohm
L 0.085 H
P 4 Pair
P 0.0175 Wb
B 1 Nm
J 0.01 Kg*m2

Figure (2) shows the load torque.

157 T

Load Torque

Load Torque (Nm)

0 I I I I I
0 05 1 15 2 25 3

time(s)

OutPut Vector
30 T

20 = = =lgrer |

Current (A)
5
T
I

Time(s)

Angular Velocity (deg/s)
)
8
T
|

time(s)
Fig. 3. system outputs by applying the MIMO feedback linearization
controller without using load torque estimation

5.1. Simulation results of control system without using
load torque estimation

In this section, the simulation results of a control system based
on MIMO feedback linearization without the use of load
torque estimation are shown. In Figure (3), by applying this
controller to the motor model, changes in system outputs such
as current along the d axis and angular speed of the shaft are
shown. In the initial moments when the load torque value is
zero, the system outputs are controlled. But by increasing the
amount of load torque and its presence, the outputs have
moved away from the desired values. Figure (4) shows the
values of the output tracking error. Changes in the control
signals issued by the controller in this case are also seen in
Figure (5). The control signals are saturated at 250 volts,
which is intended to prevent motor damage due to electrical
limitations and closer simulations to reality.

5.2. Simulation results of Load Torque Observer

In this section, the performance of the observer is
investigated. Figure (6) shows the curves of the angular speed
of the shaft, the load torque and the uncertain function d,
estimations. It can be seen that these variables are estimated
with high accuracy by the observer. Also, the changes in the
estimation error of these variables in the initial moments are
shown in Figure (7). We see that the estimation has been done
in a short time.

39

5.3. simulation Results of the control system using load
torque estimation

This section presents the simulation results of the observer
based MIMO feedback linearization controller. By applying
this controller shown in Figure (8), the outputs such as current
along the d-axis and angular speed are displayed. In the initial
moments when the load torque value is zero, the outputs are
controlled. From the first second, with the presence of load
and increasing the amount of load torque, a slight change
appears in the outputs but the controller is robust against this
disturbance. In Figure (9) the output tracking errors indicate
the accuracy and speed of the proposed control system in the
presence of disturbance due to load torque. Figure (10) shows
the changes in the control signals generated by the controller.
The control signals are in the permissible range and the
system control is performed without saturating the control
inputs.

6. Conclusion

In this paper, an observer based multi-input multi-output
(MIMO) feedback linearization controller was designed for a
PMSM. For this purpose, the load torque is estimated as
uncertainty using an extended observer and provided to the
controller. The controller is designed as a vector. By
simulating the MIMO feedback linearization controller that
does not use load torque estimation, it is not able to control
the system outputs and the control input signal produced by
this control system is saturated. The observer was able to
estimate the variables of motor and load torque well and with
high accuracy. In the end, it was shown that if the controller
uses this estimated information in the feedback, it is able to
control the system outputs in the presence of load torque
changes.

Error Vector
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T

1500 T T T T

1000 [~ q

500 [~

0
-500 [

-1000 L L L L L
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time(s)

Fig. 4. System outputs tracking error by applying the MIMO feedback
linearization controller without using load torque estimation
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controller without using load torque estimation
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Fig. 8. System output developed by applying the observer based MIMO
feedback linearization controller
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