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Abstract—This paper presents a maximum power tracking
method for DC motor fed from photovoltaic modules (PYM)
through step-down power converter. This method employs pos-
itive feedback of motor speed; therefore, only DC motor speed
measurements are required. The designed control law is based
on mathematical model of DC motor and power converter, and
also, variations of optimal maximum power point (MPP) are
considered at different values of irradiance. Optimal MPP is
approximated by method known as linear reoriented coordinates
method (LRCM). Finally, a simple analog circuit is designed
and implemented, which calculates optimal duty ratio for power
converter according to DC motor speed.

I. INTRODUCTION

There are many applications today in which photovoltaic
(PV) modules can be used, in particular small off grid loads,
such as basic lighting, refrigeration, telecommunications and
water pumping [1]. In some of these cases, a DC motor is
connected to a PV module as load [2].

The power (P) delivered by a PVM will be a function of
ambient conditions, as well as of the load that the PVM are
supplying [2]. For most of DC motor directly connected to
PVM, the operating point, which is given by intersection of
PV and DC motor I —V curves, is very far from the maximum
power point (MPP) of the PVM [2]-[4].

In order to improve the performance, the equilibrium op-
erating point must be closer to MPP of PVM via matching
of DC motor to PVM. The matching could be reached in
two ways. First, without interfacing circuit, selecting care-
fully a DC motor according to motor I-V curve, mechanical
load characteristics and PVM parameters [S]-[7]. Second, by
including an electronic control device, known as maximum
power point tracker (MPPT), which continuously matches the
output characteristics of the PVM to the input characteristics
of the motor [3], [4], [8], [9].

In [10]-[14] step-down DC-DC power converters were used
as circuit interface for matching a PVM with a DC motors;
but, none of them specifics necessary conditions for optimal
matching with step-down converter. In addition, the research
[13], [14] assert that they could match a PVM with a DC
motor as well as regulating the speed.
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In this paper, based on the DC motor dynamics and the PVM
mathematical model, a positive feedback of speed is derived
to track the maximum power point of a PVM that is supplying
a permanent magnet DC motor though a step-down converter.
The effect of a proportional speed load is also analyzed and
the load conditions to reach matching is found.

The paper is divided into five parts. First section presented
the introduction. Second section describes how the analyzed
system is modeled: a exponential model, which was proposed
in [15] is used to describe the PVM behavior, the DC motor is
modeled using differential equations and the chopper output-
input relationship is used to describe the behavior of power
converter.

In third section, the procedure to derive the control law
is described. Mathematical analysis is used to derive a re-
lationship between optimal duty ratio and motor speed in
steady state conditions. The applied method to approximate
the PVM optimal voltage and the optimal current is called
Linear Reoriented Coordinates Method (LRCM). This method
was proposed in [16].

In next section, the characteristics of real DC motor and
the PVM parameters are identified and showed. Besides, this
section shows software simulation and experimental results for
different irradiance values. Finally, conclusions are presented.

II. DESCRIPTION AND MODELING OF THE SYSTEM

The analyzed system consists of a photovoltaic array, a step-
down chopper converter and a DC motor in its power circuit.
This system is shown in Fig 1.
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Fig. 1. PV system supplying a DC motor through step-down converter
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A. PVM Model Description

The relationship of the current (/) with respect to the voltage
(V), for any PV array is given in (1) and can be described in
terms of the values provided by the manufacturer’s data sheet
and the standard test conditions (STC).

This model takes into consideration the short-circuit current
(I;) and the open-circuit voltage (V,) at any given irradiance
level (FE;) and temperature (77), the PVM characteristic con-
stant (b), and the numbers of in series and in parallels modules
with the same electrical characteristics (s and p, respectively).
The PVM exponential model is fully described in [15], [17].
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The constant b can be calculated using an algorithm based
on the Fixed Point Theorem. The algorithm is given by (2),
where £ is the maximum permitted error, V. and /. are open-
circuit voltage and short-circuit current at STC, V,, and I,
are optimal voltage and optimal current at STC.
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B. DC Motor Model

Electrical side of DC motor can be described for (3), and
the torque balance equation is given by (4)

di

Va:Ra'-a LaJ Ke' m 3

lat+ Lo+ w 3)
dwy,

Te:J'W—FBm'wm,—FTL (4)

In the above equations R,, L., K., V, and i, are armature
resistance, armature inductance, back emf constant, armature
voltage and current respectively. J, B,,, and T} are the
moment of inertia of the motor and connected load, constant
viscous friction coefficient and load torque, respectively.

The electromagnetic torque, T, is proportional to the cur-
rent through the armature winding and can be written as
T. = K, - i4. In this paper the motor is loaded through an
eddy current brake and the load torque-speed characteristics
is given by T, = ¢; - wy, + co, where ¢; and ¢y are constants
whose values depend on position of the braking magnet.

C. Chopper Converter Model

Chopper produces a lower average output voltage, V,, than
d.c. input voltage, V;. The averaged equations for the chopper
are:

I,=1;/D (5)
Vo=D"V; (6)

Where D is the duty ratio, and [y and I; are output current
and input current respectively.

III. CONTROL LAW DERIVATION

A. Optimal duty ratio

Using the buck chopper converter, the duty ratio is expressed
by D = V,/V;. In the system shown in Fig 1, the power
converter output voltage V, is equal to the motor armature
voltage, V,. The power converter input voltage V; is equal to
PVM voltaje V, or equal to V,, if the terminal voltage of
the PVM is operating in the maximum power point. Then, the
optimal duty ratio is given by (7)

Va

D =
Vop

)

The optimal voltage, V,, can be derived by means of
a maximum power point tracking method, which will be
described below. The armature voltage V,, is calculated by
solution in steady state of (3); this is given by

Va:Ra'Ia+Ke'wm (8)

Since T, = K, - 14, solving for current I, of (4) in steady
state condition, yields the expression:

Ia - (Bm cWm t+ TL)/(Ke) (9)
Therefore, substituting (9) into (8), we can get

Bm c W+ TL

K. (10)

Va:Ra( )+Ke'wer

So, the optimal duty ratio becomes:

B, - T
{Ke.wm+Ra (m ‘;(+ L)] (11)
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In order to obtain a relationship between the optimal duty
ratio and the maximum motor speed, we derive the last one
from the power balance equation under steady state condition.
This is:

P=I>R,+E, I, (12)

Knowing that E, -1, is the power in rotational motion, which
is equal to the product of the torque and angular velocity, then
the equation (12) becomes:

P=1I? Ry+Tp wn (13)

Substituting (9) into (13) we can get the equation (14),
which is used to calculate the DC motor speed when the power
is known. If we assume that efficiency of power converter is

1 p.u., the motor power is equal to PVM power, which is
obtained using the MPPT method.

P = B, W/,Qn + T - wm+

(B2, - w2, 4 2By, - wTr, + T?) g (14)
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B. Maximum power point tracking method

In order to obtain V,,, we use Linear Reoriented Coordi-
nates Method (LRCM) [16]. This method approximates the
optimal voltage V,,, the optimal current /,, and maximum
power rating P,,,, using the same variables as the dynamic
model.

The equations of the approximated optimal voltage, V,,;, and
the approximated optimal current I, are given by (15) and
(16) respectively; then, the approximated P,,,, is given by the
multiplication of V,,, and I, [16].

1
Vap:Vz+b‘Vm'ln (bbexp(b)> <V0P (15)

1—b+b-exp(%)

I, =1
op v 1—exp(_71)

2 Iop (16)

C. Algorithm to find the control law

By substituting 77, = ¢1 - wy, + c2 into equation (11) and
reorganizing terms, we can note that the optimal duty ratio
can be written as D = A+ B - w,,, where A and B are given
by (17) and (18).

R +C2
A= 2 = 17
- 17
p= X | RalBnta) (18)
Vop Vop : Ke

For different irradiance values, we can use the PVM model
and the MPPT method described above, to find the maximum
power, Py,q., and the optimal voltage, V,,,. Then, we calculate
the motor speed using (14) and the armature voltage from (8).
Afterwards, optimal duty ratio is calculated from (7). Finally,
we must graph the optimal duty ratio against the motor speed,
and the constants A and B can be calculated using curve fitting
techniques.

D. Implementation of control law

We have showed that the optimal duty ratio has the form
D = A+ Bwgn,, as well as, the way to find the constant
values A and B. Then, Fig. 2 shows how this law can be
implemented. This configuration uses a tachometer, which
generates a voltage, Vi, proportional to speed given by
Vin = Kip - win.

For a PWM generator, the duty ratio is given by D =
Kp - ve, with Kp = Viaz and v, = Vyg; + Kq - v4p,. The
variables V,4; and K, are adjusted to obtain the A and B

values according to (19); from which A = Kp - V,4; and
B=Kp- K, K
D=Kp Vg +Kp- Ko Ky -wnm (19)

I ——
pvM |V
[
Fig. 2. Power circuit and control law schematic
TABLE I
PARAMETERS FOR PERMANENT MAGNET DC MOTOR
Symbol Parameter Value Units
R Armature resistance 8.57 Q
L Armature inductance 58.7 mH
Ke Back emf constant 0.1485 —
rad/sec
J Moment of inertia 455 x 1076 | Kg-m?
Bm Viscous friction coefficient | 94.8 x 10~6 N.m
rad/seg
TABLE II
PVM BP SX10M SPECIFICATIONS AT STC
Symbol Parameter Value Units
Isc Short-circuit Current 0.65 A
Voe Open-circuit Voltage 21.0 1%
Pras Maximum Power 10.0 w
Vop Voltage at Praz 16.8 1%
Iop Current at Pp,qz 0.59 A
TC% Temperature coeff. of Is. | (0.065 £0.015) %/C
TCv Temperature coeff. of Vo -(80 +10) mV/C

IV. RESULTS

The permanent magnet DC motor used has the parameter
listed in table I [11]. The motor is loaded though an eddy
current brake, where the position of the braking magnet
define the load torque (77) applied. In this case the load
torque is proportional to speed and it is given by 15 =
c1 * Wy + co. The constants ¢; and co are calculated from
real data; so, for three different positions, we have the follow-
ing torque-speed characteristics: 77, = 0.00014w,, + 0.024,
Tr, = 0.00055w,,, + 0.024 and 77, = 0.00074w,,, + 0.023.

The PV array used for this study consist of two PVM
BP SX10M connected in series. The electrical characteristics
of PVM BP SXI10M are presented in table II. The PVM
characteristic constant is b = 0.084; it was calculated using
(2). Figs. 3 and 4 show the measured and simulated [ — V'
and P —V characteristic curves for the PV array; the markers
represent the measured data.

A. Calculation of control law

For different torque-speed characteristics, DC motor P — V'
curves are superimposed on a set of PVM P —V curves in Fig.
5. This shows that for DC motor operate at MPP, with T, =
0.00074w,,, + 0.023 or T, = 0.00055w,,, + 0.02, the motor
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Current (A)

Power (W)

0.6

T

voltage must be lower that PVM voltage at MPP, therefore a
step-down power converter, such as a chopper can be used.
Then, we chose the position of the braking magnet with
torque-speed characteristic given by 77, = 0.00055 - w,, +
0.024. For temperature of 59°C, we obtained V;,, I, and
P, by LRCM, motor speed, wy,, at Py,q, using (14) and
optimal duty ratio from (11) for different values of irradiance.
Fig. 6 shows the variations of duty ratio D with w,,, which
describes the control law, it is given by D = 0.0052-w,, +0.2.

B. Simulation results

The system was implemented in SABER® as is shown in
Fig. 7. The PV array and the DC motor were modeled using
the equations described in the section II and the parameters
listed in tables I and II; while, the power converter was
simulated using semiconductor switches.

The control law D = 0.0052 - w,, + 0.2 was implemented
using operational amplifier, selecting the resistance values to
attain the specified gains. A PWM chip, with Kp = 1/3
was used to generate the signal to activate the MOSFET
according to the output operational amplifiers. A tachometer
with constant Ky, = 0.0191% was used to sense the
motor speed.

The simulation is done for irradiance values of 600 W/ m2,
1050W/m? and 900W/m?. Fig. 8 shows the DC motor speed
and the power of PVM, and Fig. 9 shows voltage and current
of PVM. Table III summarizes the results comparing control
and direct coupling.

TABLE III
SUMMARY RESULTS
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C. Experimental results

The experiment setup is similar to the simulated scheme,
so this consists of the DC motor and the PVMs specified in
tables I and II. The control law was implemented through a
operational amplifiers (LM324) and a regulating pulse width
modulator (PWM) chip (UC3526). The switching frequency
was fixed to 10k H z with the external components connected
to the PWM chip. The experiment setup is shown in Fig 13.

In the test condition, the PVM open-circuit voltage was
Voe = 39.35V and the PVM short-circuit current was I, =
0.71, then, the estimated maximum power was P,,,, = 20W.
Fig 10, 11 and 12 show the measured waveforms using a 10X
probes.

Fig. 10 shows the PWM signal applied to the MOSFET
gate, its duty ratio is D = 0.73, the measured DC motor speed
was wp, = 104.18rad/s; this result accords to the control law
shown in Fig. 6. The DC motor armature voltage and the PVM
voltage are shown in Fig. 11 and Fig. 12, respectively. The last
one is 33.42V and the measured PVM current is 0.536 A; then,
the PVM power is 17.91W.
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Fig. 13. Experiment Setup

V. CONCLUSION

This paper showed that it is possible to track the maximum
power at different irradiance levels using a buck chopper and
positive feedback of speed, only measurement speed is re-
quired. Also, it showed the necessary conditions for matching
a PVM to a DC motor applying a step-down converter.

Using the mathematical model of PVM and DC motor,
a control law relating the duty cycle of the chopper could
be derived for a particular type of load. The control law is
easily implementable using a cheap analog circuit composed
of operational amplifiers and a PWM chip.
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