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Abstract - In this paper, presenting a study of
electromechanical tracking drive system working in slow
mode, taking into account the uncertainty of nonlinearity,
the parameter change of the model, and the state observer
using PMSM motors used in industry and military. The
system consists of a position controller loop and loop speed
controller. In which loop speed controller using adaptive
law to compensate the uncertainty function and built the
sliding mode state observers to estimate load torque,
friction, and interferences. The controller is proposed to
improve the quality system, taking into account the uncertain
nonlinear components for drive systems such as the moment
of inertia, friction torque, etc. Research results will be the
basis for the establishment of control algorithms, system
design electric drives in the industry, military, defense, and
security.

Keywords — PMSM motor control, Drive system tracking,
Adaptive sliding mode control, State observer, Variable structural
control, Very low speed, Slow mode taking.

I. INTRODUCTION

The electromechanical tracking drive systems working
in slow mode include industrial robot joint control system,
CNC metal cutting machine, military sight drive system,
camera systems observer, military radar station, artillery
system naval ships, etc. These systems require high kinetic
accuracy and quality. In the past, tracking drive systems
used to use direct-acting electric motors [1]-[7]. The DC
motors have good control properties but have the
disadvantage of always existing commutator and brush with
low electrical and mechanical strength or maintenance, so in
recent years it has been gradually replaced by AC motors,
especially the PMSM motor (Permanent Magnet
Synchronous Motors (the types with Ld # Lq), [7, 17]. Asin
a number of previous studies, [8, 23, 24] just stopped at the
speed controller with the tracking system but has not studied
the position controller with the nonlinear uncertainty factors.

In addition, a number of documents [26, 28, 31] have not
studied the tracking system that works in slow mode. These
documents are only about controlling small power PMSM
motors at near zero speeds and at very low speeds through
intermittent. In the document [29], control research estimates
the position of the rotor of the PMSM motor working at a
very low speed while still ensuring the precise control of the
engine speed and position, using a rotor speed observer to
evaluate (non-measurable parameter estimate 8) of nonlinear
components. Therefore, there are not many authors
interested in studying the electromechanical tracking control
system in slow mode, taking into account nonlinear
uncertainty factors such as friction torque and taking into
account the state observer.

When the tracking drive system uses a PMSM motor, the
model of the control object is a clear nonlinear model with
variable parameters. The controller synthesis problem
requires a new approach different from the linear model; the
control synthesis will be simpler. Here we go to consider the
following system, [2, 3, 5]:
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Fig. 1 The electromechanical tracking drive system
diagram working in slow mode
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In the content of this paper, the synthesis of the position
control tracking system according to the principle of system
synthesis with dependent loops. The system includes two
speed and position control loops. The speed loop is based on
adaptive sliding mode techniques to ensure that the engine
speed is always in line with the set speed when taking into
account the model's nonlinear uncertainties such as changes
in engine parameters, variability friction torque, as well as
when set values and load noise are changed. The position
loop is based on a synthesis technique of linear control
systems that combines identification with a state observer to
evaluate the nonlinear uncertainty components of the object
model. We have a block diagram of the structure of the drive
system following the position as shown in Figure 1.

Il. THE DYNAMIC MODEL OF THE TRACKING
DRIVE SYSTEM USING PMSM MOTOR

The building the model of electromechanical tracking
control system working at slow speeds always contains
many parts, including electrical and mechanical parts,
including motors to control speed, joints movement
traditions, working structures, etc. These systems always
exist in industrial machines, tracking control systems for
robots, CNC cutting machines, weapon systems military
(ship artillery), etc.

A. Building an electromechanical tracking system model

The objects of the electromechanical tracking drive
system include motors, actuators, and working machines.
The mechanical mass diagram of the tracking drive system
working in slow mode is shown in figure 2, [2, 3, 5, 14].
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Fig. 2 The dynamic diagram shows the relationships of
the elements in the tracking drive system

In general, the mechanical part of the tracking drive
system consists of many units that are elastic together and
then converted to the motor shaft, normally using a two-
object model [2, 5].
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Here J is the sum of the moment of inertia of the motor,
and the other parts are converted to the motor shaft, Mg is the
motor torque, Bm is the friction coefficient of the speed
dependent friction component. Component M, is The sum of

the resistance torque types acting on the motor shaft and the
resistance torque converted to the motor shaft. M. is a
complex nonlinear function that depends on engine speed,
friction, the elasticity of drive axes, etc.

The mathematical model of the PMSM three-phase
synchronous motor in the d-q coordinate system is written as
follows, [3, 7]:

V, =Rl +L, T _poL

dt ds ' gs
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In which the components Vg, Vg are the stator voltage of
the d-axis and the g-axis, respectively; current lgs, lgs is the
value of current in the d and q axis, Rs is the stator resistance,
Lg, Lq is the d axis inductance and the d and g axis stator
inductance, M. is the electromagnetic moment, J torque
Rotor inertia, B is the viscosity coefficient of friction, p is the
number of magnetic poles,  is the angular (electrical) speed
of the rotor, Am is the magnetic flux linkage.

From equation (2), component M represents the electro-
magnetic moment produced by the magnetic flux linkage,
and the component representing the reactive torque generated
by the difference inductance between the d-axis and the ¢-
axis of a PMSM motor. Then we replace M for Me, and we
obtain the dynamic equation of motor speed as follows:

. 3p% I p
®)
TIURDN
2 4 J ds'gs

The derivative of the PMSM motor rotor position is
calculated by the following formula: @ = . Here we assume
that 6, ®, and My of unknown components; Components lgs,
lgs are measurable. The time derivative of the set rate (wq) iS
zero because the set rate cannot change dramatically in a

short sampling interval, then ay =0.

Based on the equations (1) - (3) above, the dynamics of
the PMSM motor considering the non-measurable
component influence with the parameter can be written as
follows:

0=ow

i = kylgs —ko@+ K11 4s1gs — kg0

|'dS = k714 T KgVgs T Kg@lgs —Kgd3 @
Igs =—k4lgs — kg +kgVgs —kyg@l 4s —Kgd



Tran Duc Chuyen & Vu Thi To Linh/ IJEEE, 8(3), 1-8, 2021
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where components d1 , dz, and ds are written:
3p 2
dy =——Alnlge +—ABw +
1 4 m'qgs 0
3p 2A)

dg = ARglg —Algwlg + ALyl

From the definition of di, d», and ds, we find that since Ly,
Lq, Rs, las, and Igs are quite small, the variation of Lg, Lg, and
Rs has little effect on the characteristic of the system.
Therefore, for the simplicity of the analysis and for the
design of the nonlinear state observer, within the framework

of this paper, the aforementioned parameters are assumed to
be constant. Therefore, we have:

3p 2 2A)

4 p p (5)

d2 = Apo, d3 =0.

The tracking drive system model is a combination of the
mechanical drive system and the actuator dynamic model.
When considering the tracking drive system, it is necessary
to consider the nonlinearity factor and the variable
parameters caused by the mechanical part of the system.

Therefore, a state observer is required to evaluate the
uncertainties [1, 3,5, 7, 9, 14, 15].

B. Design state observation with uncertain nonlinear
parameters

In rotor flux-based control, information about the
angular position of the rotor must always be provided for the
conversion of the coordinate axis. In this section, a nonlinear
state observer will be presented to accurately estimate the
rotor position and speed, taking into account the influence of
component parameters that cannot be measured in both low
and high speed regions. The nonlinear state observer design
sequence is divided into two steps. First, the kinetic model
(4) of the engine is transformed to bring it back to the desired
form for the state observation design [10].

It is then converted back to the desired form to design the
observer so that it is suitable for the drive controller model.
To evaluate convergence estimation error to zero is best.
Assume that the non-measurable components of the system

d; and d; change very slowly, and their derivatives over time
are zero. To obtain the state model of the motor, taking into
account the non-measurable component, we perform a few
simple transforms as follows:

=0
i = kylgs —Ko@+Ky11 e lgs —Katy
lgs = ~Kalgs — k5@ +kgVgs — ki@l g —kgdp +0-0  (6)

1=0
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In the system of equations above (6), we can write in the
form of a state observer model as follows:
X =Ax+ f(x,u)+g(x)u

y =h(x)
where x € R" is an n-dimensional space vector, u,y € R
is the control signal at the controller inputs and outputs

Y]
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We can easily see that matrix pairs (A, C) are observable
and that the model to estimate the nonlinear state (7) is to be
estimated. Nonlinear state observers are used to calculate and
estimate the rotor position (0), rotor speed (®), and
unmeasured components of the system (d1, d2). We can then
calculate and obtain by doing the following: Assume that Igs
is available and that LMI (Linear matrix inequality) is

satisfied for Y € R>*, P e R”®, some values of p> 0.
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There, Q=A'P-C'Y' +PA-YC+1+pN'N, and
Ee RSXS, N e RSXS, I is a 5x5 matrix, and p, y1, y2 are
constants.
Then we consider the nonlinear state observer in the
general form as follows:
%= AR+ f(%,u)+ g(R)u+ L(y - CX)
9)
y= |qs
Where, X=[0 & qu d, d,]", L=P7Y then the estimated
error vector component e below is asymptotic stability
written as follows: e=x—-X. To prove this problem has
been presented carefully in section [22, 24, 30].
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Fig. 3 Block diagram of a nonlinear state observer

Figure 3 shows a block diagram of a nonlinear state
observer. The estimated values of the rotor speed component
and the system non-measurable component are used to
improve the quality of the speed controller; meanwhile, the
estimated rotor position is used to convert the coordinate
system.

11l. THE RESEARCH CONTROLLER SYNTHESIS

A. The adaptive sliding mode speed controller

When synthesizing speed control loop with nonlinear
control object, the system of equations of control object
exists as the equation of state; contains matrices with
nonlinear elements, [1, 5, 8]. Therefore, the use of traditional
linear controllers such as PID has not overcome the effects of
nonlinear factors and variable parameters on the working
quality of the system [3, 9, 15, 23]. By synthesizing the
adaptive slip controller, the effects of uncertain nonlinear
factors such as friction, elasticity on the quality of the drive
system have been resolved [12, 14, 28]. The document [19]
has presented very carefully the synthetic method of adaptive
slip controller for speed control loop using PMSM motor.

The problem of synthesizing the controller for the speed
control ring is the problem of determining the control law for
Vs, Vs to ensure that the tracking drive system works stably
and the tracking error quickly decreases to zero. When
constructing the speed control loop, we define the tracking
error as follows, [12, 19]:

e =0y — (10)

€, =gy —lg 11

In which, lgs and iqgq are set values of rotor speed and axis
current, respectively. Because PMSM motors have a hidden
polar form, permanent magnet excitation has some reactive
torque. The d-axis current is set to nonzero and is written as
follows, [12, 13, 19]:

- _/Im /’ln?] 2
WS- ) AL Ly
(Li-L) V4L -L)

(12)

Where Anm is the rated loop flux, Lq4; Lq is the nominal d-
axis inductance and the rated g-axis inductance, respectively.
Therefore here, we will synthesize the position control loop
on the basis of the described adaptive sliding speed
controller, synthesized as shown in [19].

B. The position controller uses a PMSM motor based on
the adaptive sliding speed controller

When solving the positional ring synthesis problem in
the speed loop using the adaptive sliding mode method in
[19], taking into account the load observer, the control
problem will be simpler. Based on the position controller
block diagram of electromechanical tracking drive system
working in slow mode using PMSM motor as shown in
figure 1 above.

When conducting position controller synthesis, we assume
that the speed controller synthesized in [19] is good. The
position control loop has the main control object, the speed
ring. Through experimental investigation and simulation, we
can see that the speed loop has dynamic properties equivalent
to the second order stage. So when synthesizing the position
controller, we proceed to identify the parameters of the
model and consider the speed loop equivalent to a quadratic
stage. The main task now is to synthesize the position
controller in the directions. French classics.

Perform position controller synthesis on the basis that
speed loops have been synthesized at. Its kinetics is
equivalent to the quadratic stage whose transfer function is,
[2, 5]

W, =N (13)
© (T,s+1).(T,s+1)

The parameters of this transfer function have been
determined experimentally, as shown in [5]. Position
controller synthesis can be done in the following ways:

- Synthesis of the position controller according to the
module optimization standard or the symmetry optimization
method has been presented in the document [5, 32, 33].

- Synthesize the position controller according to the
Ziegler-Nichols method or the method using PID Design
controller design software as shown in the document [5], etc.,
to design the PID position controller.

Thus the positional controller synthesis problem is
synthesized in two steps: step 1 is to identify the parameters
of the positional loop object (determine the parameters of the
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transfer function (13)), step 2 is PID controller parameter
determination according to the classic method.

When synthesizing according to the symmetry
optimization criteria, according to the method presented in
the document [5], we convert the denominator of the transfer
function (13) as follows:

MS = (T;s+1).(T,s +1) =TT,.8° +(T, +T,)s+1 (14)

Ignore the high order number in the denominator, and we
have an approximate  transfer function of

WKw:Ka,/(Ta,s+l), with Tp=T1+T,. Then the

structure diagram is transformed into a diagram as follows:
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Fig. 4 The Structural diagram of positional tracking
drive system

Continuing to transform the block diagram, we have the
following diagram:

?d
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Fig. 5 The alteration of the structure diagram of the
positional tracking drive system

In figure 4, we consider the simplified Wy, Speed loop
circuit to be equivalent to an inertial stage, which is the
speed controller that we synthesized according to the
adaptive sliding mode control method [19]. At this point, the
position controller that needs to be considered is the
dynamic stage W,,. So for the positional loop, the object
transfer function has the following form:

Wop =Wy Ky (1/5) (15)

Where K 0

is the transmission coefficient of the
measuring part (or Kao) W, =K, /(T s+1) is the speed-
loop transfer function that has been approximated simply
and ignores the high order number in the denominator.

We use the method of synthesizing the position controller
according to the symmetry optimization standard, then the
desired transfer function of the open system has the form:
~ 2a(pTws +1 1

WH¢ - .
28T, a,THS(T,s+1)

(16)

The function that passes the position regulator is then:

WH % Ko Ko
= * 2.2
(pa¢Ta) 2 K¢a¢Tw S

W, =
()
qu) K

(17)

Let Kd(p :Ka,/(K(pa(pTa,), we obtain the positional
transmitter transfer function:
Kd(p

28,18

This is the integral rate controller. When synthesizing the
PID position controller, we use specialized software PID
Design in [5] to calculate.

W, = qu) + (18)

IV. THE RESEARCH RESULTS

A. The Simulation

The simulation of the nonlinear tracking drive system
with position controller based on adaptive sliding mode
method using PMSM motor.

The motor parameters used in the simulation are as
follows: the PMSM of YaKawa, rated power Praed =
0,45KW, Number of poles is 4, rated speed nrated = 1500
r/min, liaeq = 3,8A, rated voltage U =220V, Rs=2.5 Q, Ls =
9463 H, Lg = 7563 H, Lq = 114e3 H, An = 0.193V.s/rad, J =
1.5e* Kg.m?, B = 0,0001 N.m.sfrad, K; = 8500; Kp = 2900

and K, =0,002, Kdo =01, T, =0,079 .

Simulation of the nonlinear tracking drive system with
position controller based on an adaptive sliding method using
PMSM motor. We conduct research on the simulation of the
tracking drive system on the basis of the adaptive sliding
method built above. From the given parameters, we proceed
to build a simulation model on the basis of Matlab / Simulink
the PI controller as shown in Figure 6:

Fig. 6 The simulation diagram of the tracking drive
system is built on Matlab/Simulink

The Matlab / Simulink simulation diagram built-in in
figure 6 is a nonlinear tracking drive system with a position
controller taking into account the friction torque nonlinear
factor and the state observer using the kinematic stage PI.
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Case 1: When input the ladder function X, = 0.1 rad, the
load moment does not change amplitude Mcmax = 0.5Nm.
The change increases the moment of inertia by 50% from the
original value. With the initial value (J, = 6Kgm?); The new
value (J; = 9Kgm?), the simulation results are as follows:

0.15
0.1~
E —%
= 0.05
s 1 L al
10}
0
-0.055 02 04 06 08 1
a) Time (s)
0.15
0.1 nAv
. v
E —
= 0.05
8 ....... XV
)
0
-0-05 02 04 06 08 1
b) Time (s)
2
....... M,
15 —M, (obs)
£
=
C
(0]
S
] F (YR Aaha AR Sa
= Wy i
0.5 f
~0 02 04 06 08 1
c) Time (s)
3
2
<
o
_ 0 VIL il
-1
-2
0 0.2 0.4 0.6 0.8 1
d) Time (s)

Fig. 7 Results simulation of case 1 the response in and
out at the angle of the initial value: a) J2 = 6Kgm2, b)
new value J2 = 9Kgm2, c) response to state observer, d)
current response Igs in case 1

In this case, the results show that when the moment of
inertia increases, the oscillation of the system increases
(initial value "J, = 6Kgm?2" number of oscillations = 1; the
following value "J; = 9Kgm?" number times of oscillation =
2), the output still tracking follows the input amount in the
equilibrium process, meeting the updated observer with full
information about the controller, moreover, the current value
Isq also shows system workflow correctly.

Case 2: Studying the reaction of the system when the
applied angle changes according to the function X, = V.t, (V
= lrad/ s), the constant load moment M. = 0.5Nm.
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Fig. 8 Results simulation of case 2: a) the response in and
out at the angle, b) response to state observer, c) current
response Igs in case2

When the set angle is a function V, time reaches a small
equilibrium value. Adjacent error is zero; we see that the
load torque observer responds to the relatively fast time;
Provides full load information for the controller.
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Case 3: When the angle at the baby X, = 0.05 rad, the
transmission system works in slow mode. Then we consider
the influence of friction torque on the motor shaft and
friction torque on the load side in this case. We have some
simulation results as follows:

0.08

0.06

&A
v

0 0.5 1 1.5 2
a) Time (s)

Momen (Nm)

0 0.5 1 15 2
b) Time (s)

OIV

0) . Time (s)

Fig. 9 Results simulation of case 3: a) the response in and
out at the angle, b) response to state observer, ) current
response Igs in case 3

In this case, the simulation results with the baby input X,
= 0.05 rad, the system works in slow mode. The output of
the system has a change during the transition when the
friction torque on the motor shaft and the friction torque on
the load side is variable "as shown in Figure 9b and Figure
9c; the system variation has a number of oscillations = 2
times; transient time tq = 0.16s; The output is still closely
related to the amount applied in the equilibrium process. The
controller ensures stable working for the system.

Observing the simulation results of the cases, we see:
although the load inertia moment changes, the system still
operates stably, but in some cases, when the moment of
inertia of the load is large, the transition time bigger.
Furthermore, the positional controller here considers the
changes of elastic and frictional moments to the system. This
shows the robustness of the control law against uncertain
nonlinear component effects. The built-in control system is
always stable with load noise and stable with the change of
set speed; the system works stably.

Comparing the results with the studies in [26, 28] and in
previous studies [21, 29], the results that the paper achieved
better than the previous works with the time to reach an
equilibrium value. Small in both the value of current, preset
angle value, the response of the observer, the following error
is very small. The tracking drive system works in slow
mode, always tracking to the original value, and the system
works stably. This confirms that this system can be applied
in practical industrial and military production.

V. CONCLUSION

The slow-motion position tracking drive system for
industrial and military subjects that require high reliability
and precision, replacing DC motors with rotating motors
Dimensional PMSM is essential. The paper presented the
new asymptotic approach to the combination of the tracking
drive system working in slow mode using a PMSM engine
with a nonlinear model and variable parameters, taking into
account the state observer. The system has been built on the
basis of a combination of adaptive sliding mode speed
control and classic controls that give us the right direction
and have created the position controller for the electric drive
system. Mechanics are being used a lot in practice. The
obtained theoretical and simulation results have proven the
correctness of the algorithm, and the results of this study can
be completely applied in practice for industrial and military
electric drive systems.
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