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In this paper, a new speed control algorithm for a permanent magnet DC motor which does not require implementation
of the angular speed sensor is presented. Three steps are performed to develop the control system: design of speed
tracking control algorithm assuming the speed measurement, design of speed observer; design of sensorless speed
control algorithm based on the principle of separation. Information about speed is taken from the speed observer using
the motor current value. The stability of the composite system dynamics consisting of three subsystems (the speed
regulation loop, current regulation loop, and speed observer) is analyzed. The feedback gains tuning procedure for
decoupling of three subsystems is given. The simulation results show that the dynamic performance of the designed
system is similar to the performance of the system with angular speed measurement. The resulting closed-loop system
has structural robustness properties with respect to parametric and coordinate disturbances. References 12, figures 2.
Keywords: DC motor, speed observer, estimation error dynamics, separation principle.

Introduction. Sensorless control of the electrical motors remains a relevant task of the
modern control theory. As a result, a lot of papers have been written to solve the problem of
sensorless control of different kinds of electric motors.

Most of the existing solutions for sensorless DC drives, as well as for other types of motors,
are based on the estimation of electromotive force. The disadvantages of such systems are well
known, the most significant of them is system degradation at low speeds [1].

From the viewpoint of the control theory, this problem relates to the adaptive control of
linear plants [2]. The general task is to design a speed observer-based controller on the base of
measurable signals: armature current and voltage. The observer in [3] uses a simplified model of
DC motor, neglecting the armature inductance and current dynamics. An optimal observer [4]
provides high-performance tracking only in specific operating conditions. The sliding mode
observer [5], which provides local stability of speed estimation, has a considerable level of noise in
the current regulation loop. The estimation algorithm [6] implements a Kalman filter. The
estimation algorithm based on torque disturbance estimation [7] uses overparametization. A hybrid
fuzzy-PI observer [8] does not provide an optimal solution in all operation modes of the motor. The
controller [9] provides speed estimation based only on the duration of the voltage spikes in pulse-
width modulation.

The solutions [4], [6], [9] do not provide asymptotic speed tracking. The papers [3] — [5]
provide the stability analysis of the estimation convergence only, but none of them demonstrate
proof of the close-loop system stability. The solutions [4] — [9] have complex structures of the
observer and controller. The configuration is strongly dependent on the DC motor parameters. The
robustness properties of the algorithms [6], [8], [9] have not been studied and established.

The paper aims to design a sensorless speed tracking control algorithm of the DC motor that
provides the following properties:

— dynamic and static performance close to similar systems with speed measurement;
— cascaded structure of the control system;
— the simplicity of controller tuning.

© Peresada S., Nikonenko Y., Pyzhov V., Rodkin D., 2021
ORCID ID: * https://orcid.org/0000-0001-8948-722X , ** https://orcid.org/0000-0003-2379-5566,
***https://orcid.org/0000-0001-6437-4405, **** https://orcid.org/0000-0002-9235-2999




24 ISSN 1727-9895. Hpayi IE]] HAH Yxpainu. 2021. Bun. 58

The purpose of the paper is to design a speed tracking sensorless control algorithm for
permanent magnet DC motors that has robustness properties to parametric and coordinate
disturbances. Some preliminary results are reported in [10] (see [11] as well).

Control problem formulation. The model of the DC motor with permanent magnet
excitation is given by

: L
O=p-—,
J
R. 1 M
i=——i—-—o+—u,
L L

where ® is the motor speed, 1 is armature current, u is control voltage, T, is the load torque, R

and L denote armature resistance and inductance respectively, ¢ is torque constant, and p=c/J .

Considering the DC motor model (1), the following assumptions are taken into
consideration:
Al. The speed reference trajectory o is a smooth, bounded function together with its first @
and second-time derivatives.
A2. The load torque T, is unknown, constant, or changing slowly and limited.

A3. All motor parameters are known and constant.
A4. Current 1 is available for measurement; speed ® is unmeasured.

The controller for the system (1) must ensure asymptotic speed tracking, i.e. lim®=0,

t—0

where ®=m—o — speed tracking error.

The algorithm is developed in the following stages: a) design of a speed control algorithm
with robustness properties considering that speed is measured; b) design of the speed observer;
c) development of the integrated sensorless control algorithm which consists of controller and
observer; d) stability analysis of the developed closed-loop system.

Design of control algorithm. According to the back-stepping design procedure [12], the
speed controller is derived first.

1. Controller with the speed measurement.

From (1) the speed error dynamics can be written as

d=pi-T, -T, -6, 2)
where T, is the estimate of the load torque component T, /I,and T, =T, /T - T, is the load torque

estimation error.
In case of the current fed condition, a speed controller for the system (2) is

i:l(—kwmim’“),

0 ®
T =-T =k &,
where (kw, kmi) >0 are speed controller proportional and integral gains.
From (2) and (3) the speed loop error dynamics is given by
T, =k 0, 4)

d=-T, -k, o.

The system (4) is asymptotically stable V(km,kmi) >0, 1.e. lim(TL,Ga) =0.
t

S0
The armature current is not the real control action in (2), so (3) can be considered as the
reference i for the current i. Defining current tracking error as
i=i-i, (5)
system (4) becomes



ISSN 1727-9895. Hpayi IE]] HAH Yxpainu. 2021. Bun. 58 25

T =k, o,
®=-T, —k @+pi.

(6)

The control voltage in (1), formed by the current controller, should guarantee the current
error tracking, i.e. limi=0. The equation (1) in error form is presented as

t—w
o R L R ek, 7
L L L L

where the reference current derivative is divided into the known function i, and the unknown term

i, is defined from (3) as

i = l(—kw (—kw6)+ pf) + 'fL + co),
” ®)
S k ~
1, =—"T.
1)
The current controller is constructed from (7) and (8) as
u=r[ Ry +S o+ -k, i-vy |,
L L )

y:Ki
where y is the current controller integral term, (k“,kii ) >0 are the proportional and integral gains

of the current controller.
From (6), (7) — (9) the resulting closed-loop error dynamics is given by

T, 0 k,!0 07T
ol | -1 -k, 10 plio
A e R (19
i —km/u 0 : _1 _ki I

where k, =R/L+k;,.
The linear system (10) is asymptotically stable with the suitable tuning of the speed and
current controllers gains (k,.k,;), (k;.k; ). It is known from the theory of cascaded systems that

the dynamics of the current closed-loop, given by the two last equations in (10), should be at least
two times faster than speed control loop dynamics.

Time-scale separation between speed and current dynamics may be obtained using the
standard frequency-domain approach on the base of the characteristic equation:

p’+k,p+k, =0, (11)

where (kp,kin) are proportional and integral gains of controllers.
The tuning of each second-order subsystem is k. =k§ / 4 for damping factor =1, and
k, = ki / 2 for £=0.707 . The resulting relationship between the natural frequency of undamped

oscillations o] =k, becomes @, =(2+4)w,,, where ©, o, stand for current and speed loops

respectively.

The resulting closed-loop error dynamics (10) has structural robustness properties with
respect to parametric and coordinate disturbances. This is due to the cascaded connection of second-
order systems with the two time-scale separations. If initial conditions are set to zero, the system
(10) tracks speed references without errors.

It follows from the analysis that asymptotic speed tracking is guaranteed if assumptions Al,
A2, A3 are satisfied and speed is available for measurement.
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2. Speed observer.
Let us define the current and speed estimation errors as

e, =i—1i,e,=0—-0, (12)
and speed observer in the following form:
o=pi-T, —ke,,
i=%(u—Ri—c€o)+kzei, (13)
where (k,k,)>0.
From (1) and (13), the estimation error dynamics can be written as
e, =ke T,
(14)

. C
¢ =—kge; _fem’

where k,, =R/L+k,.
Under the condition T, =0, the globally stable solution of (14) is ¢, =e, =0. At the same
time, the observer (14) is not asymptotic due to the presence of perturbation TL .

To prove the robustness properties of the system (14) with respect of TL , the following
coordinate transformation is considered

z=-k,n-e,,
L (15)
n=—¢.
c
The error dynamics (14) in new coordinates (15) is given by
¢, = —&em —&z—i,
kOi kOi
K K (16)
z= —( o —ﬂJerﬁem +T,,
kOi 0i

where k,, =ck, /L.
Defining k,, =k, /2, equations (16) become
ey =—Sug Ko,
ol (17)
7=—-Yz40e +T.

2
From (17) it can be concluded that Hx(t)”=H>((O)Hef(k°i/2)t under conditions of TL =0,

where x = (em,z)T . Consequently, the load disturbance can be arbitrarily attenuated by increasing

k,; . It should be noted that the damping factor for (17) is £=10.707 .

3. Composite electromechanical system on the base of separation principle.
Substituting @ instead of ® in (3) and (9), the speed estimation error is defined as

O=0-0w . (18)
The sensorless speed controller (3) can be presented in the following form:
i = l(—kméﬁL +0'),
L (19)
T, =-T, =—k,o.

Taking into account that &= &— e, , the system (6) becomes
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TL = kNmi(’O - k?iew’ ~ (20)
o=-T, -k o+pi+k.e,.

The current controller is formed similarly to (9) using estimated speed & as
R ok A ok g
u=L| =i +—6+i -ki-y|,
L L 21)
5’ = kiii
The current derivative i~ is known from the solution of the equation (19)
"= l(—km(f)+TL +é()*),
u (22)

o=k d—ke +pi.

Substituting the current control algorithm (21), (22) to (7), and taking into account (17) and
(20), the resulting tracking and estimation error dynamics becomes

T,

=

——e 81.

¢

®
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g G

€

[0}

V4

(23)

The composite system (23) represents a cascaded connection of three subsystems: speed
regulation loop, current regulation loop, and speed observer. If the observer dynamics is at least 3—4
times faster than the dynamics of the current loop then the dynamics of the composite system is
similar to the system with the speed measurement, i.e. when e, =0. This corresponds to the
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following natural frequency of undamped oscillations: ®,, =(3+4)w,;, o, =kg, /2, where o,

related to observer dynamics. In (23) it was assumed that ¢/L < k;, which usually takes place in

practice.

The block diagram of the designed system is presented in Fig. 1. It consists of the speed
controller (19), current controller (21), speed observer (13) , and DC motor (1).

Simulation results. The designed control algorithm was applied for DC motor, whose rated

data are P, =500 W, o, =100 rad/s, R=1 Ohm, L =5 mH, J=0.01 kgm’, c =1 Nm/A.

The controllers’ parameters were set at: for speed controller (19): k, =200, k_, =k’ / 2; for
current controller (21): k, =1000, k, =k’/2; tuning parameters of the speed observer (13) are
k, =2000, k, =k /2.

The operating sequences have been configurated as following: at the initial time the
unloaded motor is required to track the speed reference trajectory, starting from zero initial value
and reaching a rated value of 100 rad/s at time t=0.15 s. Dynamic torque during speed transient
equals double of rated value. At time t=0.3 s, a rated load torque of 5 Nm is applied; at time

t=0.5 s load torque is set to zero.
Transients of speed trajectory tracking are depicted in Fig. 2. From Fig. 2 it follows that the

speed tracking error only occurs at the moments of time when applying the load. Transient Go(t) is

almost the same as for the algorithm (3), (8) with speed sensor because the speed estimation error is
negligibly small.

Speed tracking error o (rad/s) 1><01 07 Spleed esl,timati'on ermor ¢, (rad/s)

: 8
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Conclusions. A novel sensorless speed tracking control algorithm for a permanent magnet DC
motor has been designed. Development of the algorithm performed in three steps: design of the speed
tracking control algorithm considering using speed measurements; design of the robust speed
observer; design of sensorless speed control algorithm on the base of separation principle. The
dynamic performance of the designed system is close to the performance of the system with speed
measurement. The proposed algorithm ensures system robustness to parametric disturbances as well.
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Y pobomi pospobreno ancopumm kepysanns weuoxicmrwo JIIC 3 HezanexicHum 30V0JiCeHHAM, KU He 6UMdzae
suKopucmanns dasada weuokocmi. Pozpobka ancopummy 8i00yeacmuvcsi 8 mpu emanu. CUHMe3 aleopummy KepyeauHs
KYMOGOH WBUOKICIIO 3d YMOBU SUMIDHOBAHOCHI WEUOKOCI, CUHMe3 Chocmepieaia WeUOKOCmI, CUHMES aneopummy
0e30a6a4e8020 Kepy8aHHA WBUOKOCMI HA OCHOB8I NpuHyuny posoineHus. OyYiHIO8AHHA WEUOKOCMI 3a0e3neyyemobes
3a605KU 3ANPONOHOBAHOMY 3AMKHEHOMY CHOCmepieayy Ha OCHO8I ingopmayii npo cmpym osueyua. Ilpoananizogano
CMIUKICb KOMRO3UMHOT cucmemu (KOHmMYp pe2yiro8aHHs KYMOB0I WEUOKOCHI, KOHMYD pe2yito8aHHs CMpPyMy i
cnocmepieay Kymoeoi weuokocmi). 3anpononogano npoyedypy Kougicypayii rkoeiyicnmis 360pomHux 36 ’s3Ki6
aneopummy 015 00CASHeHHs pO30ieHHs 8 Yaci npoyecie y mpvox niocucmemax. Pezynomamu mooentoganns ceiouamo,
Wo 3anponoOHO8AHA cuCmeMa Kepy8aHHs Oe3 BUKOPUCMAHHA 0asaya weuoKocmi 3abesneuye OUHAMIYHI NOKA3HUKU, AKI
€ OnuU3bKUMU 00 OMPUMAHUX Y CUCMEMAX HA OCHOBI GUMIDIOBAHH KYmoGoi weuokocmi. Pezynbmyroua 3amxnena
cucmema Mae enacmusocmi pooacmuocmi 00 NApamMempudHux ma KoopouHamnux 36ypens. biomn. 12, puc. 2.

KoarouoBi cjoBa: aBUryH NOCTIHOTO CTpyMy, CrocTepirad KyTOBOI IIBHIIKOCTI, JAWHaMiKa IMOXMOOK OI[HIOBaHH:,
TIPUHIIAT PO3/ILICHHS.

Hapitinuia: 23.04.2021
Received: 23.04.2021



