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This paper presents dynamical model and analysis of DC shunt and series motors fed by photovoltaic PV energy systems. The
maximum power point of current/voltage I/V characteristics of the PV modules is chosen to be at the rated conditions of the
machines. The nonlinear behavior of I/V characteristics of the PV modules and that of the magnetization curve of the ferromagnetic
materials of the DC machines are approximated by polynomial curve fitting. The dynamical analysis of the two machines fed by
fixed terminal voltage has also been carried out. A comparison between the two cases is outlined. The steady-state output
characteristics, the torque-speed characteristics, of the two DC motors with the two inputs are presented and compared. All of the
simulations are executed using MATLAB environment.

INTRODUCTION
DC motors are electrical machines that consume DC
electrical power and produce mechanical torque.
Historically, DC machines are classified according to the
connection of the field circuit with respect to the armature
circuit. In shunt machines, the field circuit is connected in
parallel with the armature circuit while DC series
machines have the field circuit in series with the armature
where both field and armature currents are identical.
The use of PV systems as a power source for DC
machines can be considered a promising area in
photovoltaic applications due to the ongoing growth of
PV-market. PV arrays comprise several parallel/series
connected modules to provide a sufficiently high output
voltage for operating common loads and devices. PV
modules, on the other hand, consist of parallel/seriesconnected solar cells [1].

This paper deals with the dynamical modeling and
analysis of DC shunt and series motors fed by
photovoltaic cells. The maximum power point of the
photovoltaic cells are designed to be on rated conditions
of the machines. The nonlinearity of the magnetization
curve of the ferromagnetic materials of the machines and
that of the output characteristics of the photovoltaic cells

DYNAMICAL MODEL OF DC SHUNT
SERIES MOTORS

AND

This section presents the dynamical model of the DC
shunt and series motors including the nonlinearity of the
magnetization curve of the ferromagnetic materials.

a) DC Shunt Motor
In shunt machine, the field circuit is connected in parallel
with the armature circuit. It has the following equivalent
circuit:

Fig. 1. Equivalent Circuit of DC Shunt Motor

The equation of the field circuit:

are included by polynomial curve fitting. All simulations
are carried out using MATLAB.

LF

di F
= V − ( R F + Radj )i F
dt

(1)
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where L F : field winding inductance, i F : field current,

Substituting for Kφ in Eq. (2) yields:

V : terminal voltage and RF + Radj : field winding
resistance.

La

di a
= V − R a i a + (0.3084i F2 − 1.0272i F − 0.0049)ω (5)
dt

The equation of the armature circuit:
and for

La

dia
= V − Ra ia − Kφω
dt

where

(2)

La : armature winding inductance, ia : armature

current, Ra : armature resistance, K : constant related to
the design of the machine,

φ:

flux per pole of the

machine and ω : rotational speed of the machine. The
motion equation of the motor is:

J

dω
= Kφia − TL
dt

J

Kφ in Eq. (3) yields:

dω
= (−0.3084i F2 + 1.0272i F + 0.0049)ia − TL (6)
dt

b) DC Series Motor
In series machine, the field circuit is connected in series
with the armature and therefore the armature and field
currents are the same. The equivalent circuit of a DC
series motor is:

(3)

where J : rotor and load moment of inertia and TL : load
torque.

Fig. 2. Equivalent Circuit of DC Series Motor

The magnetization curve is the relation between the flux

The equation of the armature:

φ

and the field current i F . However, it is usually

obtained experimentally in terms of the induced voltage

E A = Kφω as function of i F at a certain rotational speed
ω at no load. In this paper, Kφ is expressed as function
of the field current i F based on the data given in
[Dynamic Sim. Of El. Mach] after dividing the induced

( L F + La )

dia
= V − ( Ra + R F )ia − Kφω
dt

(7)

where L F : field winding inductance, La : armature
winding inductance, ia : armature current, V : applied

Kφ

terminal voltage, Ra : armature winding resistance, R F :

as function of i F has then been polynomial fitted using

field winding resistance, K : constant depends of the
design of the machine, φ : flux per pole and ω : rotational

voltage E A = Kφω by the given rotational speed.

the MATLAB instruction 'polyfit'. It is found that the
following second order polynomial is accurate enough to
represent them at a rotational speed of 2000rpm:

speed of the rotor.
The motion equation:

Kφ = − 0.3084i + 1.0272i F + 0.0049
2
F

(4)

GCREEDER 2009, Amman‐Jordan, March 31st – April 2nd 2009

J

dω
= Kφia − TL
dt

(8)

where J : rotor and load moment of inertia and TL : load

and R p in the circuit of Fig.1,(b) represents very well the
i

behaviour of real solar cells [1] s a simplification, the PV
module is represented as a symbol shown in Fig.1,(c). The
specifications of this module are listed in Table 1.

torque.

Based on the data presented in [Dynamic sim. Of El.
Mach.] and using the MATLAB instruction 'polyfit', it is
found that Kφ , instead of Kφω , can be expressed as
function of ia at a rotational speed of 1200rpm as:

Kφ = −0.0017ia2 + 0.0938ia + 0.0062

Substituting for

(9)

Kφ in Eq. (7) yields:

di
( LF + La ) a = V − ( Ra + R F )ia −
dt
2
(−0.0017ia + 0.0938ia + 0.0062)ω

(10)

Fig. 1: Thin film amorphous silicon a-Si:H PV module
consisting of 12 series-connected solar cells (a) and its
equivalent circuit (b). For simplification, the symbol in (c)
is used to represents the PV module. The effective area of
the module is

60 cm 2 where the area of each cell

2

is 5 cm .
and for Kφ in Eq. (8) yields:

dω
J
= ( −0.0017 i a2 + 0.0938ia + 0.0062 )i a − TL
dt

(11)

The complete numerical parameters of the DC shunt and
series motors are given in appendix A.

PHOTOVOLTAIC CELLS DESIGN AND MAIN
CHARACTERISTICS
Figure1,(a) shows an example of a commercial amorphous
silicon (a-Si:H) PV module in which twelve single p-i-n
cells are incorporated. Fig.1,(b) presents the equivalent
circuit generally applied for photovoltaic modules; it
consists of 12 current sources I ph ( 1 ≤ i ≤ 12 ) in
i

parallel to 12 diodes. Including the resistive elements R s i

Table 1: Specifications of the PV module shown in Figure
1
Technology

Amorphous
Silicon

Nominal Power (mW)

431

Voltage at max power (V)

6.78

Current at max power (mA)

63.55

Short circuit current (mA)

74.2

Open circuit voltage (V)

9.15

Dimensions (cm2)

5 × 12
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In this paper, the rated conditions of the load are 130V
and 16A. To generate this rated values, N s and N p
should be selected as listed in Table 2.

Table 2: Parameters of the designed PV array
Design Voltage (V)

130

Design Current (A)

16

Fig. 2: A PV array consisting of N s series- and N p

Ns

19

parallel-connected modules loaded by either dc motor
shunt or series motor

Np

252

Area of PV array (m2)

5.8

The I/V- characteristics of the PV module are expressed
as:

⎧V − I M Rs ⎫ VM − I M Rs
I M = I 0 exp⎨ M
− 1⎬ +
− I ph M (12)
Rp
⎩ nM Vt
⎭

where I M is the output current of the module, I 0 is the
reverse-saturation current, VM is the output voltage of the
module, Rs is the series resistance per module, n is the
ideality factor per module, Vt is the thermal voltage and it
equals 25.9 mV at T=300K, R p is the parallel resistance
per module and I phM is the generated current per module

Fig. 3: Current/voltage characteristics of the designed PV
array consisting of 19 series- and 252 parallel-connected
modules.

Therefore, the relationship between the current and the
voltage of a PV array is written as:

Apparently, the output characteristics of the photovoltaic
cells are highly nonlinear. It has been curve fitted using
the MATLAB instruction "polyfit". For this system, it is
found that a polynomial of the 9th order is accurate enough
to represent the output voltage as function of the current
as:

⎛
⎞
⎫ VA I A
⎧ VA I A
⎜
⎟
⎪ N − N Rs ⎪ N − N Rs
⎪
⎪
⎜
⎟ (13)
s
p
s
p
I A = N p ⎜ I 0 exp⎨
− I ph M ⎟
− 1⎬ +
n
V
R
A t
p
⎪
⎪
⎜
⎟
⎜
⎟
⎪⎭
⎪⎩
⎝
⎠
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V = −1.352164 × 10 −6 I 9 + 1.077924 × 10 −4 I 8 −
−3

3.592593 × 10 I + 6.485054 × 10 I
7

2

1.65

6

1.6

(13)

1.55

+ 0.686478I 5 + 4.309698I 4 − 15.453793I 3 +

where V : the terminal voltage of the photovoltaic cells
and

1.5

Field Current (Amp)

28.674508I − 24.115529 I + 179.975812
2

1.45

1.4

with photovoltaic cells

1.35

I is the output current of the cells.

1.3

with fixed terminal voltage

1.25

1.2

1.15

The terminal voltage V of Eqs. (1), (5) and (10) is
replaced by the expression of Eq. (12) when the motors
are fed by photovoltaic cells. In shunt motor, I represents

i F + ia and in series motor I represents ia .
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Fig. 3. Field current of DC shunt motor after a step change
on the load torque from 5Nm to 10.4Nm with a field
resistance of 100 Ω
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NUMERICAL SIMULATIONS
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Fig. 4. Armature current of DC shunt motor after a step
change on the load torque from 5Nm to 10.4Nm with a
field resistance of 100 Ω
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The numerical simulations of the DC shunt and series
motors are presented in this section. Figure 3 shows the
field current of the DC shunt motor after a step change in
the load torque from 5Nm to the rated torque of 10.4Nm
subjected at t =5s for the two cases of fixed terminal
voltage and a terminal voltage supplied by the
photovoltaic cells with a field resistance of 100 Ω . When
the load increases, the current withdrawn by the motor
increases. The terminal voltage of the photovoltaic cell
decreases as a result. At light loads, the terminal voltage
of the photovoltaic cells is higher than the rated voltage of
the machine. This justifies the higher field current at the
light load of 5Nm in case of photovoltaic cells. The
response of the armature current is shown in Fig. 4 and the
corresponding rotational speed is shown in Fig. 5. In all
responses, the steady-state values at the rated load torque
are in good agreement as the photovoltaic cells are
designed to provide the rated voltage at the rated current
withdrawn by the motor.
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Fig. 5. Rotational speed of DC shunt motor after a step
change on the load torque from 5Nm to 10.4Nm with a
field resistance of 100 Ω
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The simulations executed on the DC shunt motor are
repeated for the series motor. Figure 6 shows the armature
current of the series motor after a step increase in the load
torque from 5Nm to 17Nm for the cases of fixed terminal
voltage and a terminal voltage supplied by photovoltaic
cells. The steady state armature current in case of
photovoltaic cells is slightly higher than that when the
motor is fed by fixed terminal voltage and so is the
rotational speed as shown in Fig. 7. These small
deviations are justified by the small difference in the
voltage supplied by the photovoltaic cells compared with
the fixed voltage of 125V as shown in Fig. 8. This
difference comes as result of the fact that the output
voltage of the photovoltaic cells depends on the value of
the output current.

Terminal Voltage of the DC Series Motor (V)
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Fig. 8. Terminal voltage of the DC series motor
(photovoltaic cells voltage) after a step increase in the
load torque from 5Nm to 17Nm compared with the fixed
voltage
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STEADY-STATE OUTPUT CHARACTERISTICS
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Fig. 6. Armature current of the DC series motor after a
step increase in the load torque from 5Nm to 17Nm
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Fig. 7. Rotational speed of the DC series motor after a step
increase in the load torque from 5Nm to 17Nm

The steady-state output characteristics (torque-speed
characteristics) of the two motors when fed by both fixed
terminal voltage and photovoltaic cells are studied. The
operating points of the systems are obtained by dropping
out all the time derivative terms of the dynamical
differential equations and solving the resulting nonlinear
algebraic equations. This has been carried out using the
MATLAB Symbolic Math Toolbox instruction ‘solve’.
Figure 13 shows the torque-speed characteristics of DC
shunt motor and Fig. 14 shows that of the DC series
motor. Clearly, at the rated load torque the rotational
speed of the motors in both cases are in good agreement as
the terminal voltage of the photovoltaic cells is very close
to the rated voltage supplied in case of fixed terminal
voltage. At lighter loads, the speed in case of photovoltaic
cells is higher for both motors. This takes place because
the terminal voltage of the photovoltaic cells is higher
than the fixed voltage as the current withdrawn from the
cells is lower at lighter loads.
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studied and compared in case of the two inputs. All
simulations are carried out using MATLAB environment.
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1) The numerical parameters of the DC shunt motor are:
1600

LF = 10 H , R F + Radj = 100 Ω , V = 125V, La = 18

with fixed terminal voltage

1400

mH , Ra = 0.24 Ω , J = 0.5 kgm 2 .
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Fig. 14. Torque-speed characteristics of DC series motor
with photovoltaic cells and fixed terminal voltage

2) The numerical parameters of the DC series motor are:

LF = 44 mH , R F = 0.2Ω , V = 125V, La = 18 mH ,

Ra = 0.24 Ω , J = 0.5 kgm 2 .
CONCLUSIONS
The dynamical analysis of DC shunt and series motors fed
by photovoltaic cells are studied. The photovoltaic cells
are designed to provide the rated voltage of the machine at
the machine rated current. The simulation results are
compared with the case of fixed terminal voltage. The
nonlinearity of the output characteristics of the
photovoltaic cells and that of the magnetization curve of
the DC machines are included in the simulations by
polynomial curve fitting. The results show that when the
machine is run at the rated conditions, the steady-state
values are in good agreement in both cases of photovoltaic
cells and fixed terminal voltage. At light loads with
photovoltaic cells, the speed and current of the machine
are higher as the voltage supplied is higher. The output
steady-state characteristics of the two machines are

