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Abstract: The separately excited Direct Current (DC) mo-
tor is widely used in many industrial sectors. During the
operation of the DC motor, the load torque and the volt-
age of the network can cause a destabilization of the ac-
tual speed and actual current. Thus, the need to regu-
late the speed and current of the DC motor is a very im-
portant research problem. In this paper, a control strat-
egy of separately excited DC motor using a series multi-
cells chopper is described. The proposed control is based
on Proportional-Integral (PI) and Petri nets controllers.
Speci�cally, the conventional PI controller is used to con-
trol the speed of DC motor. The Petri nets controller en-
sures the regulation of the armature current and to main-
tain the capacitor voltage of the multi-cells converter to
its reference. The Petri nets controller also generates bi-
nary control switches. The proposed control system has
been implemented using MATLAB Sim Power. Simulation
results demonstrate that a series multi-cells chopper and
the proposed control give a good performance and high ro-
bustness in load disturbance for the separately excited DC
motor.

Keywords: Separately excited DC motor; series multi-cells
chopper; PI controller; Petri nets controller; hysteresis
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1 Introduction
Many industrial sectors such as robotics, steel rolling
mills, electric cranes, and grinding, electrical vehicles use
the DC motor [1–6]. Some important advantages in using
the DC motor can be listed as follows:
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1. ADCmotor is controllable for awide range and it can
be easily used for constant torque and speed.

2. A DC motor can be rapidly accelerated or deceler-
ated, and can respond to feedback control, low cost
and less complex control structure.

There are several ways to vary the speed of the DCmo-
tor such as �eld �ux control and rheostatic armature con-
trol. The rheostatic armature controlmethod is just used in
the case of low power. The speed of the DC motor can also
be varied by varying the armature voltage. In this case, a
portion of the energy is consumed by the feeding device.
For this reason, it is preferable to feed theDCmotor discon-
tinuously with a controlled recti�er or with a buck chop-
per. The traditional buck chopper is used in many works
as in [7–12].

In this work, a series multi-cells chopper structure is
used to control the separately excited DCmotor. The series
multi-cells chopper structure is based on the series asso-
ciation of elementary switching cells [13–16]. This struc-
ture, which appeared at the beginning of the 1990s, allows
the sharing of voltage constraints by all commutation se-
ries connected cells and �ying capacitors, where the �ying
capacitor voltages determine the output waveform qual-
ity and the safe converter operation. The multi-cells con-
verter is used in di�erent applications such as harmonics
�ltering, renewable energy systems, and voltage dynamic
restoration.

During the operation of the DC motor, the load torque
and the voltage of the network can cause a destabiliza-
tion of the actual speed and actual current, which is not
desired. Thus, it is important to regulate the speed and
the current of the DC motor. The regulation works on two
sides: (i) on the speed of theDCmotor and (ii) the armature
current to keep it within acceptable limits in the situations
such as rapid start, sudden change in the resistive torque,
sudden braking or very rapid increase in the set point of
the speed.

The structure of the DC motor controller of the speed
generally consists of two loops. The �rst loop compares the
actual speedwith the speed reference, and the second loop
controls the armature current.
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Proportional-Integral (PI) controller is often to control
the motor speed of the DC motor. The major features of
the PI controller are its simplicity and ability to maintain
a zero steady-state error to a step change in reference. In-
stead of using another PI or hysteresis controller to regu-
late the armature current as used in [4–6, 17–20], we pro-
pose the use of the Petri nets controller.

The role of the Petri nets controller is to achieve both
the armature current tracking and a good balance of the
capacitor voltage of 2-cells chopper with respect to the tol-
erance errors of armature current and capacitor voltage
.The outputs of the Petri nets controller generate binary
control switches which boot up the IGBTs of the two cells
chopper. A control basedonPetri nets is proposed in [26] to
control a three multi-cells chopper connected to R, L load.
The experimental results have shown the performance of
the proposed controller.

The Petri nets controller minimizes the number of
the commutations compared to the PWM control (see [21–
26]).It is important to improve the content of the output
energy and the e�ciency of the system by the reduction of
the switching losses.

This paper is organized as follow: The modeling of
separately excited DC motor is presented in Section 2.The
modeling of the driving system based on series multi-cells
chopper is given in Section 3.Theproposed control strategy
is presented in Section 4. The simulation results are tested
and analyzed in Section 5. Finally, a conclusion is drawn
in Section 6.

2 Modeling of Separately Excited
DC Motor

The separately excited DC motor has two windings and
each one of them is powered by a separate power sup-
ply voltage. Figure 1 shows the equivalent circuit of sep-
arately excited motor, where Ra and La represent the re-
sistance and the inductance of the armature winding, re-
spectively. The resistance and the inductance of the �eld
winding are denoted by Rf and Lf , respectively. Also, Ea
is the emf induced in the armature circuit, ω the motor
speed, kb is the back emf constant, Te , TL are the motor
and the load torque, respectively, B is the viscous friction
coe�cient and J is the total inertia of motor.

The mathematical model of the DC motor consists of
electrical and mechanical equations. These two groups of
equations allow us to understand better the DC motor in
its real operation. This model is governed by the following

Fig. 1: Separately excited DC motor

equations:

Va(t) = Ra Ia(t) + La
dIa(t)
dt + Ea(t) (1)

Vf (t) = Rf If (t) + Lf
dIf (t)
dt (2)

Ea(t) = kbω(t) (3)

Te = J
dω(t)
dt + Bω(t) + TL (4)

3 Series Multi-cells Chopper Model
Figure 2 represents a p−cells chopper connected to the DC
motor. It is basedon theassociationof p commutation cells
where each one is composed of pairs of complementary
switches [27]. We insert �ying capacitors between these
complimentary switches later. Each cell is controlled by
a binary function uk(t) ∈ {0, 1},k = 1, 2, . . . , n, where
uk = 1 indicates that the upper switch is closed, and th-
elower switch is open.

Fig. 2: p−cells chopper structure

The instantaneous model of a multicellular chopper
with a p−cells connected to DC motor is described by the
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system of equations (5).

dVC1
dt = u2 − u1C1

Ia
dVC2
dt = u3 − u2C2

Ia
...

...
...

dVCp−1
dt = up − up−1Cp−1

Ia
dIa
dt = u2 − u1La

VC1 + ... +
up − up−1

La
Vcp−1 +

up
La
E

−RaLa
Ia −

kbω
La

(5)

where

Va =
p∑
k=1

ukVcellk (6)

Vcellk = Vck − Vck−1 (7)

In our application, the two cells chopper is used. Thus,
the system (5) becomes:

dVC1
dt = u2 − u1C1

Ia
dIa
dt = u2 − u1La

VC1 +
u2
La
E − RaLa

Ia −
kbω
La

(8)

In Eq. (8), Vc1 is the capacitor voltage, and u1, u2 are
the binary switches.

To ensure normal operations, it is necessary to guar-
antee a balanced distribution of the �oating voltages,
i.e.Vck = kE

p ,(Vcl =
E
2 for 2 cells chopper).

Fig. 3: Two cells chopper connected to DC motor

The hybrid model of the two cells chopper is given as
follows.

Ẋ = A(u)X + B(u)E
Y = CIa

(9)

Table 1: Operating modes of the 2-cells chopper

u2 u1 VC1 Va
0 0 0 0
0 1 −VC1 E/2
1 0 VC1 E/2
1 1 0 E

where

X =
[

Ia
VC1

]
, (10)

A =

 0 u2 − u1
C1

u2 − u1
La

−RaLa

 , (11)

B =

 0
E
La
u2 −

kbω
La

 , (12)

C = [0 1] (13)

Also, u is the vector of interconnection

u =
[
u1
u2

]
(14)

Table 1 represents the di�erent con�gurations of the two
cells chopper, depending on the position of switches. In
this case, we have 22 = 4 discrete modes.

4 Control Strategy
The control model scheme of a PI - Petri nets controller of
the separately excited DC motor is shown in Figure 4.The
control scheme consists of two parts: (i) a continuous part
and (ii) a discrete part. The �rst part is based on the PI
controller. The inputs of the PI controller are the reference
speed and the actual speed. The output is the armature
current reference,which is comparedwith actual armature
current. The second part is based on the Petri nets con-
troller to regulate the armature current and the capacitor
voltage. The control strategy consists to regulate the capac-
itor voltage VC1 to the reference value VC1ref and to regu-
late the armature Ia current to the reference value Iaref .

To ensure this regulation, a hysteresis methodology is
used [25, 26].

An operating band (tolerance errors) is provided such
that the load current and capacitor voltage rest inside:

Iaref − δ1 ≤ Ia ≤ Iaref + δ1 and VC1ref − δ2 ≤ VC1 ≤
VC1ref + δ2
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Fig. 4: Design of PI-Petri nets Controller for a SEDCM

Table 2: Signi�cation of Places

Places Designations
P0 The initial state of the commutation switches
P1 The state of the switch of the �rst cell
P2 The state of the switch of the second cell

where δ1 and δ2are the tolerance errors of load current
and capacitor voltage, respectively. The states of the binary
switches of cell1 and cell2 are denoted by u1, u2, respec-
tively, which aremodeled by the two places P1 and P2 (Fig-
ure 5).The converter is allowed to con�gure by twopossible
con�gurations. In the �rst con�guration, only one switch
is allowed to be passing. In the second con�guration, two
switches are allowed to be passing.

The signi�cance of all places and transitions are
shown in Table 2.The closure of the switch of the cell (Celli)
depends on the validation of the transition ti0 and the
elapsed delay di , i = 1, 2 (d1 of P1 for the switching
Cell1 and d2 of P2 for the switching Cell2). It is noted that
the time allowed between two successive commutations is
modeled by the delay di. In this work, the delays of P1 and
P2 places are considered as the same (d1 = d2 = 2E − 5s).
Finally, the presence of two arcs inhibitors in the proposed
Petri net control leads to prevent the presence ofmore than
one token in places P1 and P2.
Transitions from one place to another depend on the ad-
missible errors of output current andcapacitor voltage as
shown in Table 3.

In Table 3, δ1 is the load current tolerance error and δ2
is the capacitor voltage tolerance error. After many tests to

Table 3: Transitions

Transitions Designations
T01 (e1 ≥ δ1 or −δ1 < e1 < δ1)and e2 < −δ2
T02 (e1 ≥ δ1 or −δ1 < e1 < δ1)and e2 > δ2
T10 (e1 ≤ −δ1 or −δ1 < e1 < δ1) and e2 > δ2
T20 (e1 ≤ −δ1 or and e2 < −δ2

Fig. 5: Petri net graph for a control switches of 2-cells chopper

de�ne the safe values of the load current and the capacitor
voltage tolerance errors, we found that for the values of δ1
and δ2 chosen as δ1 = 0.01A and δ2 = 0.2V we get the
optimum functioning of our system.

For the two cells chopper, four transitions are possi-
ble. For example, the T01 transition is �ring if the arma-
ture current error is superior or equal to the positive toler-
ance of the output current, i.e. e1 ≥ δ1. In this case, the
current must increase. Thus, the u1switch is committed to
open and hence T01=1. If the armature current is inside the
hysteresis band, i.e. the T01 transitionis depending on the
capacitor voltage. If the capacitor voltage is less than the
negative tolerance error of the voltage capacitor, i.e. the
capacitor should be unloaded, and the transition T01 is
reached.

5 Simulations and Results
The parameters used in thiswork are the parameters of the
available separately excited DC motor in the LATAGE lab-
oratory. After carrying out several tests of identi�cation of
the parameters, the Separately excited DCmotor and mul-
ticellular chopper characteristics are given in Table 4.
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Table 4: The separately excited DC motor and the two cells chopper
parameters

Nominal motor speed ω 157rad/s
Power 3 Kw
Nominal armature voltage Va 300 V
Nominal Field voltage Vf 110 V
Armature resistance Ra 1.35 Ω
Field resistance Rf 65,15 Ω
Armature inductance La 0.0059 H
Field inductance Lf 8.35 H
Field-armature mutual inductance 1.07 H
Back Emf constant kb 1.41 V/rd/s
Viscous friction coe�cient B 0.0045 N.m.s
Total inertia J 0.036 kg.m^2
Capacitance C1 33 µF
Voltage source E 300 V
VC1ref= E/2 150 V

The PI-Petri Nets controller was simulated using
Matlab-Simpower System software and the speed con-
troller of the separately excited motor was successfully
tested. Three performance testing are made as follows:
Test 1: The reference speed is set as ωref=157 rad/s with
no load conditions. Figures 7 and 8 show the simulation
results of the motor speed and the armature current.
Test 2: The reference speed change according to the proto-
col shown in Figure 6 with the load conditions (5 Nm). Fig-
ures 9 and 10 show the corresponding simulation results.
Test 3:The load torque changeat t=2.5 s from5Nmto 15Nm
and the corresponding simulation results are shown inFig-
ures 11 and 12.

Fig. 6: Protocol of speed reference

The simulation results con�rm that using themulticel-
lular chopper in the proposed control scheme gives good
results in the closed-loop control scheme. It is clear that
the proposed PI-Petri nets controller permits to regulate
the motor speed to its reference in a short time. The Petri
nets controller shows a good tracking of armature cur-
rent in a short time and is perfectly maintained between
the desired bands. It also showed that the �oating voltage
reach its desired value in a short time and is well balanced

Fig. 7: Rotor speed of the motor and its reference

Fig. 8: Armature current and its reference

Fig. 9: Rotor speed of the motor (variation of the speed reference)

around the reference value (Figure 13) with respect to the
prede�ned tolerance error.

6 Conclusion
The PI-Petri nets controller proposed in this paper regu-
lates successfully the speed and the armature current of
the separately excited DC motor. We use the multi-cells
chopper converter to feed the separately excited DCmotor,
and the combination of the PI and Petri nets controllers.
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Fig. 10: Armature current and its reference (variation of the speed
reference)

Fig. 11: Rotor speed of the motor (speed reference �xed and the
torque is changed from 5 Nm to 10 Nm at t = 2.5 s)

Fig. 12: Armature current and its reference (speed reference �xed
and the torque is changed from 5 Nm to 10 Nm at t = 2.5 s)

Explicitly, the use Petri nets controller instead of just a PI
controller in our control strategy gives interesting results.
On one hand, the armature current tracks perfectly its ref-
erence, and on the other hand the capacitor voltage is per-
fectly regulated, which ensures a safe converter operation
and minimizes the losses in the system. This improves the
quality of output energy and the lifetime of the DC motor.
It is also noted that the proposed controller can be readily
implemented in practice. As a future work, we are work-

Fig. 13: Capacitor voltage

ing to develop our control method with amulti-cells chop-
permodelmore than two cells, which further improves the
quality of the output energy.
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