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ABSTRACT

A solar-powered drive for the separately excited DC (SEDC) motor drive system has been pro-
posed and validated. The proposed system uses a set of two cascaded series compensated buck
boost converters (SCBBCs) and a push pull DC to DC converter. The maximum power point track-
ing (MPPT) for the solar PV energy harvesting system is based on a sliding mode controller (SMC)
and the SCBBC next to the solar PV source is used for this purpose. The armature winding of the
SEDC motor receives the required isolated DC voltage from a push pull converter that is pow-
ered from a common DC link that carries a battery. The field winding of the SEDC motor is fed
by the second SCBBC. The speed of the SEDC motor is regulated by a separate sliding mode
controller implemented in the second SCBBC. A detailed state space analysis of the SCBBC and
related mathematical modelling of the complete system are presented. The simulations were car-
ried out in the MATLAB SIMULINK environment, and an experimental prototype was developed
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utilizing a 200W 110V SEDC motor.

1. Introduction

Industrial drives benefit greatly from DC motors. They
have practical control capabilities that allow the user
to manage the speed and torque independently. With
independent windings for the armature and field sys-
tems, the SEDC motor allows for easy and decoupled
speed and torque control. The motor’s speed can be
adjusted while keeping a steady torque, and the torque
can be adjusted for a constant speed.

Fixed torque variable speed mode (also known as
variable power mode) and variable torque variable
speed mode (also known as fixed power output mode)
are the two operational modes. The amount of power
delivered to the motor varies with speed and torque. It
is possible to drive with constant power delivered to the
motor while speed and torque are adjusted in a linked
way using the SEDC motor.

The scope of this study is limited to the operation
of a SEDC motor with speed control in variable power,
constant speed and variable torque modes. A variety of
controllers, such as the PI, PID, Fuzzy Controller, ANN
and ANFIS-based controllers, are extensively used to
regulate the speed of the SEDC motor.

Also, conventional power electronic converters such
as the buck, buck boost and boost converters have all
been extensively employed as DC motor drives. While
the buck converter is designed to reduce the available

input voltage, the buck boost converter may both step
up and step down the supplied input voltage while the
polarity of the output voltage is flipped in relation to the
polarity of the input voltage. The boost converter can
only increase the input voltage and cannot be reduced
to a value less than the input voltage.

A design developed from the buck boost converter is
the series compensated buck boost converter (SCBBC).
The SCBBC’s voltage gain is equivalent to that of a
standard boost converter. It can’t create a lower out-
put voltage than the source voltage. The benefit of the
SCBBC is that the converter only has to transport a
portion of the total power given to the load; the remain-
ing power, in this case, a SEDC motor, goes directly to
the load. The SCBBC has minimal switching losses and
requires a smaller capacity than the actual power being
sent from the supply to the load.

A variety of contributions for the management of the
SEDC motor has been provided in the literature. For the
control of SEDC motors, PI and PID controllers have
been frequently utilized [1]. Many researchers have sug-
gested for double loop PI controllers with armature
current limiting features [2]. For the regulation of the
SEDC’s speed, there have been several different types
of PI and PID controllers. Many scholars have also
developed modern intelligent controllers, such as fuzzy
controllers, ANN-based controllers and ANFIS-based
controllers [3-5].
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With the introduction of the digital computer and
the search algorithms such as the Genetic Algorithm
(GA) [6], Particle Swarm Optimization (PSO)
algorithm, and others, the tuning of PI or PID con-
trollers is now a sophisticated processes [7-9].

The sliding mode controller (SMC) is a nonlinear
control approach that is particularly suited to variable
structure systems, such as discretely switched power
electronic converters [10]. The SMC uses a nonlin-
ear control method that works well with nonlinear
power electronic converters. In its most basic version,
the SMC-based nonlinear control system for nonlin-
ear power electronic converters does not necessitate
the use of common local linearization techniques and
small signal analysis, etc. [11]. In the harvesting of solar
photovoltaic electricity, the sliding mode controller can
also be employed as a maximum power point track-
ing controller in conjunction with a power electronic
converter [12].

Locally generated renewable energy sources are
unavoidable in distant regions when access to the
national grid is unavailable. DC motors offer a wide
range of applications in both industrial and large-scale
construction projects. Solar photovoltaic sources could
be used to power DC motors at remote areas [13]. Max-
imum power point techniques, as well as speed man-
agement techniques, are required for solar photovoltaic
sources utilized in industrial drives [14].

Power electronic converters, especially DC to DC
converters, are capable of extracting the maximum
amount of power from a solar PV system [15] and
are also appropriate for controlling the speed of SEDC
motors [16-18]. Solar power has been used for driv-
ing a brushless DC motor (BLDC) for a water pump-
ing system, by the authors in Ref. [19]. In Ref. [20],
a novel fuzzy cognitive network-based controller for
the PV-fed DC motor has been presented. The authors
in Ref. [21] have developed a peak current detec-
tion method for the speed regulation of a sensor less
BLDC motor-driven irrigation pump. An improved
fuzzy logic controller for the speed regulation of a per-
manent magnet BLDC motor has been presented in Ref.
[22]. Solar-powered water pumping schemes have also
used permanent magnet synchronous motors as well as
demonstrated by the authors in Ref. [23].

The PI controllers have been traditionally used for
the speed regulation of the DC motors and in the
research contribution of the authors in Ref. [9] a novel
tuning technique for the PI controller by the parti-
cle swarm optimization (PSO) method has been pre-
sented. The authors in Ref. [24] have developed a
power-efficient control scheme for powering up a solar-
powered DC motor-based pump using a three-level DC
to DC converter.

Despite the proliferation of the DC to DC converter
topologies and the MPPT as well as control schemes,
there had not been a single study made on the SCBBC.
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In this work, the SCBBC is used as an interface between
the solar PV source and the battery as well it is used as
a boost converter to drive the SEDC motor. It has been
established that the SCBBC is amenable for implement-
ing MPPT for solar PV system while it is also useful as
a speed regulator for the SEDC motor.

In this work, a set of two cascaded DC to DC con-
verters of the SCBBCs are used for solar power harvest
as well as speed regulation of the SEDC motor. In order
to provide power backup, a battery is connected in
between the two SCBBC units so that the solar power
harvested is routed to the battery and the battery gets
charged and the SCBBC next to the battery drives the
DC motor and proper speed regulation arrangements
are provided.

The novelty of the work is that the proposed sys-
tem demonstrates the usage of the SCBBC for voltage
step up and MPPT. Similarly, for the purpose of volt-
age step-up action and for speed regulation another
SCBBC is used. The SCBBC is a buck boost converter
with the advantage that only a portion of the power
being transacted has to pass through the converter
and the remaining part of the power flows directly
to the load. This leads to reduced power loss as well
the power handling capacity of the power electronic
converter is much less than the power that is actually
transacted.

The rest of the paper is arranged as follows. Next
to this introduction presented as Section 1, the block
schematic of the proposed system is explained in
Section 2. The details of the SCBBC are discussed in
Section 3. The applicability of the sliding mode con-
troller (SMC) for MMPT is discussed in Section 4. The
details of the push pull DC to DC converter which
provides an isolated power supply for the armature
winding is discussed in Section 5.

2. The block schematic of the
proposed system

The suggested SEDC motor drive’s block diagram is
shown in Figure 1. The solar PV module, SCBBC1 at the
front end, the battery, SCBBC2 that powers the SEDC’s
armature, and a push pull DC to DC boost converter
that drives the field winding are the primary subsys-
tems. The SCBBCI receives and transmits solar PV
electricity to the battery. Maximum power point track-
ing is handled by the SCBBC1. The SCBBC2 boosts the
battery’s nominal 24 V and feeds power to the SEDC
motor’s armature circuit. The field winding provided by
the Push Pull Converter is used to excite the SEDC. The
push pull converter has a high voltage gain and offers
the necessary isolation between the armature and field
windings of the SEDC motor. The system has a 250 W
nominal power rating. Table 1 lists the parameters of
the converter subsystems.
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Figure 1. The block schematic of the proposed SEDC motor drive.

Table 1. Specifications of subsystems in simulation.

Field

Solar PV module

250 W (125 W *2)

Overall Output

O
Vpmax 17.19V _J.H I}‘ -
Ipmax 7.28A N Vout
Voc 2158V ——vin St c=
Isc 7.89A T
SCBBC1
Power electronic switches MOSFET 1 Diode 1 ©
Capacitor 2200 MFD
Inductor 1 mH Figure 3. The topology of the SCBBC.
Battery 24V 60 AH
SCBBC2
Power electronic switches MOSFET 1 Diode 1 the output capacitor Vc.
Inductor 1mH
Capacitor 2200 MFD Vout = Vin + Vc = 24 + 96 = 120V.
Push pull converter
Transformer 24024/220V50Hz250VA By applying simple mathematical manipulations,
Rectifier Diode Bridge Rectifier
Primary side switches ST and S2 MOSFETs Vout = Vin + V¢ (1)
Where
. d
A » Load( Vout) > Vc = Vin % m (2)
) ) Therefore
Vin Buck Boost I Ve Volt: d
Converter Vout = Vin + | Vin % | —— (3)
_ = 1-d
Vout = Vin + (Vin x d) /(1 — d) (4)

Figure 2. The scheme of the SCBBC.

3. The SCBBC and its modelling

The SCBBC’s scheme is depicted in Figure 2. The struc-
ture is similar to that of a buck boost converter in
general. The load is linked across the load side capacitor
in a basic buck boost converter.

The supply and the regular load side capacitor share
a same connection. The load is connected between the
source’s positive terminal and the load side capacitor’s
negative terminal. The voltage across the output side
capacitor and the source voltage act in series and are
additive.

Figure 3 depicts the topology of the SCBBC.
(d)/(1 — d) is the voltage gain of a standard Buck boost
converter, where d is the duty cycle. When Vin is 24 V
and d is 0.8, the output voltage is 24 % 0.8/0.2 = 96 V.
Ve denotes the voltage that appears across the output
capacitor. The overall output voltage of the SCBBC is
the sum of the input voltage Vin and the voltage across

=Vin(l+d(1—d)=Vin/(1—-d) (5

With a duty cycle of 0.8, a buck boost converter has
a voltage gain of 4 and the SCBBC has a voltage gain of
5. If Vin = 24V, the SCBBC’s output voltage is 120V,
according to the example. The load current becomes
1 A and the power provided to the load is 120 W if
the load resistor is 120 Ohms. A portion of this power,
24'W, is delivered directly to the load from the source.
The SCBBC must handle the remaining 96 W. The state
equations of the SCBBC can be developed using funda-
mental principles and its implementation in MATLAB
SIMULINK is shown in Figure 4.

4, SMC for MPPT at the SCBBC

Maximum power point tracking (MPPT) is a technique
for extracting the most power from a solar PV panel
for a given sun irradiation and temperature. When the
weather changes, the internal characteristics of the SPV
modules change, and the load should be adjusted corre-
spondingly to ensure that the greatest amount of power



is delivered from the source to the load. There is a power
control switch S in the case of SCBBC. The SPV drives
a large current through the inductor when switch S is
closed. The SPV drives a current through the load and
the capacitor C in series with the load when the switch
is opened.

By controlling the durations of the On and Off peri-
ods in each switching cycle, in an automated manner,
the power harvested from the solar PV panel may be
maximized. With reference to Figure 5, there are two
curves. The first curve relates the voltage across the
SPV panel and the SPV output current. The second
curve relates the voltage across the PV panel and the
power being harvested. There exists a unique operating
point with Vpmax the terminal voltage and Ipmax the
solar PV current that delivers maximum power output.
The sliding mode controller keeps the optimal termi-
nal voltage across the SPV panel for any given solar
insolation so that the maximum power is harvested.

5. Push pull DC to DC converter

A pair of power electronic switches and a step-up trans-
former with a Centre taped low voltage primary wind-
ing are used in a push pull DC to DC converter. The
benefit of a push pull converter is that it produces a high
voltage gain, which is controlled by the transformer’s
turn ratio. In addition, the push pull DC to DC con-
verter isolates the source and load sides. Separate power
sources are required for the armature and field windings
in the SEDC drive. The SCBBC provides the desired
excitation voltage to the field winding, and the field
current is regulated by the PWM implemented in the
SCBBC.

The armature winding of the proposed SEDC drive
is provided by a push pull DC to DC converter that
delivers a DC voltage of 110 V DC nominally. The bat-
tery powers the push pull DC to DC converter. The field
winding of the SEDC, on the other hand, is powered by
the battery in the common DC link and stepped up by
the SCBBC.

Thus, the duty cycle of the SCBBC may be altered to
regulate the voltage delivered to the field winding, and
the duty cycle of the push pull DC to DC converter can
be changed to modify the armature current. Figure 6
depicts the structure of a push pull converter.

6. Speed regulation of the SEDC motor using
the push pull converter with SMC

For a constant load torque, the speed of the SEDC
motor can be modified by altering the duty cycle of the
PPC, which changes the voltage provided to the SEDC.
A small shift in duty cycle causes the voltage delivered
to the armature of the SEDC to increase, and hence the
armature current, with a given present speed and thus
for a given back EME. When the field current is kept
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constant, an increase in the armature current increases
the electromagnetic torque produced, and the speed
increases until it reaches a steady-state speed. The elec-
tromagnetic torque produced at the new steady state is
adequate to drive the load at the maximum speed.

Similarly, the duty cycle of the PPC can be adjusted
to lower the voltage delivered across the armature of
the SEDC, lowering the armature current and, as a
result, the electromagnetic torque produced, lowering
the speed. The speed is controlled by controlling the
armature current while the field current is kept con-
stant. This is known as a variable speed variable power
method. The motor’s mechanical load torque is the
same in this control mode.

A closed-loop controller is required to regulate the
speed of the SEDC motor. The DC motor’s speed is the
controllable parameter, whereas the duty cycle is the
controlled parameter. The SEDC motor’s speed is deter-
mined by the voltage between the armature terminals,
while the field current and load torque on the machine
shaft are kept constant.

When the mechanical load torque on the shaft is
increased from one value to another, the motor’s speed
decreases, the back EMF decreases, and the motor
draws more current from the supply. As a result of
the higher armature current, higher torque is gener-
ated, and the speed is returned to its previous level. The
motor is now drawing more power.

7. Sliding mode controller-based speed
regulation

The SMC determines the SEDC’s real speed. The user
is in charge of the set point speed. Error is defined as
the difference between the set and actual speed. If the
desired speed is higher than the actual speed, the error
is positive. If the actual motor speed is higher than the
set speed, the error is negative.

A constant duty cycle is used in the operation of the
SMC, and a stream of pulses is constantly generated.
A gating mechanism applies the stream of switching
pulses to the gate of the PPC’s power control switches
S1 and S2. Only when the error is positive does the
gating system allow switching pulses to the MOSFETs.
When the error is negative, the gating system prevents
switching pulses from reaching the power electronic
switches.

The algorithm can be stated as

If error > 0 then gate = 1;
If error is < 0 then gate = 0;

Speed regulation is accomplished by employing this
easy approach. The only need is that the duty cycle
chosen be capable of pushing the controlled parameter
from its starting value to its required value when the
initial value is less than the specified value. The next
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Product

Figure 4. The MATLAB SIMULINK implementation of the state space model of the SCBBC.

o Apollo Solar Energy ASEC-125G6M

Current (A)
» o
T T

~N
T

Voltage (V)

Power (W)

Voltage (V)

Figure 5. The V-l and V-P characteristics of one of the 10 parallel connected SPV panels.

sections describe the implementation plan of the sliding
mode controller for regulating the speed of the SEDC
motor.

8. Realization in MATLAB SIMULINK

Figure 7 shows the main page of the MATLAB
SIMULINK realization of the proposed scheme. The
subsystems are presented in Figures 8-10. In this work,

the main source of electrical power is derived from the
solar photo voltaic (SPV) panel. The harvested solar
energy is stored in a battery. The MPPT is governed by a
sliding mode controller. The sliding mode controller for
MPPT is implemented in the SCBBC1 that is interfaced
between the Solar PV source and the battery. The solar
PV subsystem, the SCBBC 1 and the battery are shown
in Figure 8. The solar PV subsystem and the SMC
implementation are shown in Figures 9 and 10. The

. J. I
= - B
4.2 L
SO {
s2 Transformer . - - l
&4 ! IS

Figure 6. The topology of the push pull converter.

-A
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Solar
Irradiance

OUTPUT

SOLAR PV with MPPT
SUB SYSTEM

Temperature

-

SCBBC 2 SEDC Motor Subsystem Pushpull Converter

Figure 7. The MATLAB SIMULINK realization of the complete proposed system.

Solar out) — ¥m

Insolation In1 B—8 +

Conn1 Conn3 m
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SOLAR PV with MPPT QRIESY
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Figure 8. The battery charging subsystem using solar PV source.
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@

Temperature

PV Array

MPPT Subsystem

Figure 9. The Solar PV subsystem with the MPPT subsystem.
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|
Temperature pilot Solar Cell T:.—
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. | -
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Figure 10. The realization of the sliding mode controller with the pilot SPV module.
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The Solar Irradiance
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Figure 11. The solar irradiance with a step change occurring at
timeinstant 1s.
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Figure 12. The battery charging current.

results of simulation of MPPT for the SPV implemented
in the SCBBC1 are shown in Figures 11-14.

In Figure 11, there is a step change in irradiance from
1000 W/m? to 500 W/m? at time instant 1s. Corre-
spondingly, as shown in Figure 12, the battery charging

Field Current

State of Charge of Battery

60.06 |
60.05 -
60.04 -
2 60.03 -
60.02 -
60.01

60

Time (seconds)

Figure 13. The changes in the rate of rise of SOC for different
solar irradiances.

Battery Terminal V_oltage

24.6 -

Volts

242
24 C L 1 1
0 1 2 3 4 5
Time (seconds)

Figure 14. The different rates of rise of terminal voltage of the
battery.

current is initially around 48 A and after the solar irra-
diance comes down to 500 w/m? at time instant 1 s the
charging current comes down to around 29 A. In accor-
dance with the variations in the charging current, the
rate of rise of the SOC of the battery also gets changed.
The rate of rise of SOC is more between time interval 0

DC Output for Field r._

& : s
é 1
1
@ 1 ]

Figure 15. The SIMULINK realization of the Field circuit control using the SCBBC.

Set Field Voltage

Actual Voltage Across
Field Winding

Gate Control

Field Current
Limit

Actual Field Current

Figure 16. The control circuit used for the management of the field winding excitation.
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Figure 17. The battery terminal voltage.
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Figure 18. The regulated 110V voltage impressed across the
field winding.

Rise of Field Current

2 3 4 5
Time (seconds)

o
-

Figure 19. The rise of the field current from 0 A towards the
maximum allowable 1 A limit.

and 1 s while the rate of rise of SOC is lowered beyond
the 1s instant as shown in Figure 13. The correspond-
ing variations in the terminal voltage of the battery are
shown in Figure 14.

Figure 15 shows the implementation of the SCBBC
used for the control of the field circuit. The input power

Discrete,
T =1e06s.

E._f

"

.

B

‘ Linear Transformer

B
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Actual Armature Current

Hwe| @

Armature Current
Limit

Figure 21. The speed control scheme implemented on the
push pull converter.

S_witching Pulsgs for Switch A1
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Figure 22. The switching pulse for Switch A1 of PPC.

Switching Pulses for Switch B1
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» -] -]
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Figure 23. The switching pulse for Switch B1 of PPC.

is drawn from the battery and the required voltage for
the field winding is derived across the output termi-
nals of the SCBBC. The control subsystem for the field
circuit is represented as a block in Figure 15 and the
contents of this block are given in Figure 16.

Figure 16 shows the control circuit used for the reg-
ulation of the field winding voltage and the field current

i +A
i

Vdc_Push_Pull

’—’-

!
J
.

o

-

parameters Speed Control

-A

ISE Estimation

Figure 20. The push pull converter that feeds the armature of the SEDC.
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limitations. The set voltage to be maintained across the
field winding is 110 V and there is a current limiting of
1 A. This subsystem produces a train of square pulses
at a frequency of 5 kHz with a fixed duty cycle of 80%.
However, whether to apply this train of square pulses to
the MOSFET in the SCBBC or not is constrained by the
set voltage and the current limiter. Switching pulses are
provided to the gate of the SCBBC MOSFET whenever
the actual voltage across the field winding is less than
110V and the field current is less than 1 A. The battery
voltage, the voltage across the field winding and the field
current waveform are shown in Figures 17-19.

Figure 20 shows the SIMULINK realization of the
push pull converter (PPC) that feeds power to the arma-
ture circuit of the SEDC. The armature side control
scheme is shown in Figure 21.

Figures 22 and 23 show the complementary switch-
ing pulses applied to the two switches of the PPC.
With reference to Figure 21, the duty cycle is 0.49. The
switching pulses to the two switches Al and Bl are
derived using the sliding mode control as shown in
Figure 21. The set point speed and the actual speed are
compared and the control bit which is 0 or 1 is gener-
ated. If the actual speed is less than the set speed, the
control bit is 1 and 0 if the actual speed has crossed
the set speed. Similarly, there is a current limit mod-
ules. When the armature current is less than 30 A the
switching pulses are routed to the gates of the MOS-
FETs. Whenever the load current becomes more than
30 A the switching pulses are blocked from reaching the
MOSFETs.

Figure 24 is shown the actual motor subsystem with
a free wheel diode so as to maintain continuous current
through the armature. However, this diode is not use-
ful as the DC source for the armature circuit is already
rectified and filtered.

The experiment started with a speed command of
500 RPM and was increased to 1500 RPM at time
instant 3.5s. There is also a command for the load
torque which is initially maintained at 0 Nm initially
and at time instant 0.5s it has been changed to 2 Nm
and at time instant 2.5 s it has further been changed to
3 Nm. The speed and the load torque commands given

<Armature current ia (A)>
<Electrical torque Te (n m)>

Speed Command
1500

=
a 1000
(4

500 - T i ]
0 1 2 3 4 5
Time (seconds)

Figure 25. Step change in speed command.

Load Torque Command

0 1 2 3 4 5
Time (seconds)

Figure 26. Step change in load torque command.

Actual Speed of SEDC

1500 -

1000

500 /\\/
0

0 1 2 3 4 5
Time (seconds)

RPM

Figure 27. The speed response of the SEDC against variations
in commands.

are shown in Figures 25 and 26, respectively. Figure 27
illustrates the SEDC’s response in terms of speed.
With the initial load torque being 0 Nm, the motor
picks up speed and rises towards the set value of
500 RPM. The speed settles down at 500 RPM level
after an overshoot. The overshoot is high because of
the lack of any load torque. Even as the motor starts

=

Actual Speed

Product

. .

Motor

Figure 24. The armature circuit with a freewheel diode across the armature.



maintaining a speed of 500 RPM, at time instant 0.5s a
load torque of 2 Nm is applied and the speed suddenly
drops. However, the closed-loop control scheme takes
up the speed back to the 500 RPM level within a period
of 0.25s and the motor speed is regulated at 500 RPM
until time instant 2.5s. At time instant 2.5, a further
increase of load torque from 2 Nm to 3 Nm is applied.
The speed does not fall now. A very small disturbance
to the speed is exhibited. The speed falls by around 30
RPM and picks up within a period of less than 0.1 s and
continues at the speed of 500 RPM. At time instant 3.5 s,
a change in the speed command from 500 RPM to 1500
RPM is applied and the motor speed rises up to the 1500
RPM level. There is no overshoot exhibited. It is the
sliding mode controller that drives the speed from 500
RPM to 1500 RPM and maintains at 1500 RPM without
any overshoot during the transient period.

When the speed command is changed from 500
RPM to 1500 RPM as shown in Figure 25, the per-
formance of the sliding mode controller, in the regu-
lation of speed of the DC motor, has been compared
against the performance of the PI controller. By way of
simulations in the MATLAB SIMULINK environment,
it has been observed that the steady-state error, the
integral square error, the peak overshoot and the tran-
sient period are all improved in the sliding mode con-
trollers as compared to the PI controller as shown in the
Table 2.

The loss analysis is an important aspect of the power
electronic converter and the proposed system was also
considered in this perspective of loss analysis and the
estimation of power conversion efficiency. As for the
topology, there are two sections. In the front end is a
SCBBC and this unit is used for harvesting power from
the solar PV source. If the inductor and the capacitor are
considered to be ideal the only component that incurs
possible loss is the power electronic switch. The power
harvested from the solar panel and the power deliv-
ered to the battery may be considered for the estima-
tion of the overall efficiency of this system. It has been
observed that when the solar irradiance was kept at
1000 W/m? the terminal voltage and the output current
of the SPV module were observed to be

(2% 17.16) V and (5 * 14.85) A giving a power
= 2548 W.

The power delivered to the battery is 48 A % 24.3V =
1166 W.

The remaining power is delivered to the motor. The
power received by the motor can be calculated by the
current drawn by the motor and the terminal voltage
and it is

247V x 4.34 Amperes = 1050 W.

And the overall efficiency is (output power/ input
power) * 100 = 87%.
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Table 3. Loss analysis.

Component Quantity of power
Power drawn from solar PV module 2548 W

Power delivered to battery for charging 1166 W

Power supplied to motor 1050 W

Overall efficiency (1166 + 1050)/2548 = 87%
Total losses 312W

Losses in field winding and transformer 120W

Total losses in the semiconductors 212W

Losses in SCBBC semiconductors 64 W
Losses in the push pull semiconductors 148 W

Figure 28. The layout of the subsystems in the prototype.

The total losses account to 332 W.

These losses occur in the three switches, three diodes
and the AC link transformer. Considering the duty
cycle and the measured average voltage and current
through the switches and diodes the total losses in the
semiconductors can be shown to be 212 W.

The losses occurring in the AC link transformer and
the field winding account to the remaining 120 W.

Loss analysis in simulation under standard test
conditions of Irradiance = 1000 W/m? and tempera-
ture = 25°C was carried out and presented in Table 3.
The losses in the semiconductors have been estimated
using the standard power equation P = V I after mea-
suring the average voltage drop and current through the
switches. However, the copper losses in the transformer
windings and the field winding of the motor have been
estimated using the equation P = I? R.

9. Experimental prototype

An experimental prototype has been created to validate
the suggested concept. The prototype had a solar PV
source, a SCBBC at the front end, a battery and another
SCBBC to drive the DC motor’s field winding and a
push pull converter to drive the SEDC motor’s arma-
ture winding. Table 4 lists the solar PV module and
associated subsystem specifications. Figure 28 shows an
image of the prototype.

The prototype uses the same circuit architecture as
the simulation type. The battery unit receives energy
from the solar PV unit. Two 12V 35 AH batteries are
connected in series to form the battery unit. Through
the SCBBCI1, the solar PV module charges the battery.
The SEDC receives its armature power from the batter-
ies through the push pull converter. The field excitation
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Table 2. Time responses comparison with Pl controller and SMC.

Controller Steady-state error attained RPM Peak over shoot attained RPM Rise time in second ISE
Pl controller 12 48 0.48 2755
SMC 5 22 0.24 1455
Table 4. Specifications of Subsystems in proto RIGOL (5707 W Z0us 1400551 e | [ sosecuosers | ¥ 7 8
type. Horzontal v
yp i
Subsystem Specifications 1_‘1 —
Solar PV unit e —— Feremrer——— L
Voc 21.58V 7 NewFolder
Isc 7.89A a——
Vpmax 17.19V =
Ipmax 7.28A aitme | ™
SCBBC 1 n
Inductor 1mH _—
Capacitor 2200 MFD o P
Power electronic switch MOSFET IRF 540 Bl 7 =7 AT e
Battery 12V % 2; 35 AH Each 1 g
SCBBC2
Inductor 1 mH Figure 29. The switching pulses applied to the SCBBC.
Capacitor 2200 MFD
Power electronic switch MOSFET IRF 840
Load DC Motor 110V 200 W

is supplied by the second SCBBC, and the power flow is
as illustrated in the block diagram in Figure 1.

The specifications of various subsystems are shown
in Table 4.

Separate PIC micro-controllers were used for the
SCBBCs and the PPC. As for the MPPT of the SPV,
the SMC scheme is used. Similarly, for the field wind-
ing control another SMC is used. These two SMCs use
a common PIC micro-controller in which the input
analogue parameters like the SPV terminal voltage and
the filed winding voltage are measured. The two PWM
schemes available in the PIC micro-controller are used
for the SCBBC1 where the MPPT is implemented and
the SCBBC2 which regulates the voltage across the field
winding. The PPC which drives the armature circuit
of the SEDC is controlled by a separate PIC micro-
controller. The armature voltage is used as a measure
of the speed of the SEDC and this voltage is attenuated
to 0-5 scale and fed as feedback to the micro-control
analogue channel A0. The set point speed is supplied
to the micro-controller using a preset using which an
analogue voltage of 0-5 V may be supplied.

The MOSFETs are driven using opto-couplers. The
opto-coupler MCT2E acts as the interface between the
PIC micro-controller and the gate of the MOSFET. The
switching pulses applied to the MOSFETS, the typical
output waveforms and the speed response in accor-
dance with the command have been recorded and some
of the waveforms are presented herein.

In the proposed SCBBC-based drive of the SEDC
motor, the PIC micro-controller 16F877A contains
the closed-loop control system and the PWM section.
Figure 29 shows the PWM pulses derived from the
micro-controller for a duty cycle of 40%.

With the closed-loop controller in action, the speed
of the SEDC is the controlled parameter and the duty
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Figure 31. Voltage across the inductor of the SCBBC.

cycle used in the SCBBC is the manipulated parame-
ter. Figure 30 shows the voltage across the MOSFET
of the SCBBC when the duty cycle is nearly 19% for a
speed of 400 RPM. The corresponding voltage across
the inductor is shown in Figure 31.

The algorithm executed a speed command of 1400
RPM with a step change in speed command to
700 RPM. The SEDC’s resulting speed response was
observed and represented as a waveform in Figure 32.
By measuring the motor current and armature resis-
tance, the speed of the SEDC has been associated in an
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Figure 32. The speed of the SEDC motor with a speed com-
mand from 1400 RPM to 700 RPM.
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Figure 33. The speed of the SEDC motor with a speed com-
mand from 600 RPM to 1200 RPM.
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Figure 34. The transient of the armature current when the
speed rises from 700 RPM to 1400 RPM.

indirect approach of determining the back EME Sim-
ilarly, the response of the SEDC for a speed command
from 600 RPM to 1200 RPM is shown in Figure 33.

While maintaining a fixed field current the armature
current alone becomes the controllable parameter that
modifies the torque and speed with a change in the solar
irradiance. Since the load is considered constant, the
change in solar irradiance causes a change in the applied
voltage and it changes the armature current causing a
change in the electromagnetic torque produced result-
ing in the change in the speed as shown in Figures 32
and 33. The armature current as a direct measure of
the torque produced. The armature current for the tran-
sients has been recorded and has been presented herein
in Figures 34 and 35.
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Figure 35. The transient of the armature current when the
speed falls from 1400 RPM to 700 RPM.

Table 5. Comparison of the super lift Luo converter with the
proposed scheme.

Converter Voltage gain Transformer ZVS Efficiency Switches
SL Luo High Notused  No 82% 1
Proposed system  Very High Used yes 87% 4

The proposed work uses a set of SCBBCs and a
push pull converter. The push pull converter is advanta-
geous because the power electronic switches are in the
low voltage side with reduced voltage stress and losses
incurred in the switches. The SCBBC offers more power
conversion efficiency because it is only a part of the
output power that flows through the converter and the
remaining part flows direct to the load. The same appli-
cation can be realized using boost converters. But the
voltage gain of the boost converter is low in the sta-
ble low-duty cycle region. The proposed method gives
a large overall voltage gain, achieved by the push pull
converter, even for a small duty cycle. The voltage gain
is determined by the turn’s ratio of the push pull trans-
former. The proposed system works more stable and
its power conversion efficiency can be compared with
the generic converter and the super lift Luo converter
as shown in Table 5. As compared to the efficiency of
the super lift Luo converter which is around 82%, the
proposed system offers an overall efficiency of 87%.

The speed control of the DC motor was carried
out using the SMC. However in order to appreciate
the performance of the SMC a PI controller was also
programmed in the micro-controller and the results
obtained separately in both cases were recorded and are
presented herein. The comparison was carried out for a
step speed command from 700 RPM to 1400 RPM.

The PI controller requires a precise mathematical
modelling and it involves more mathematical overhead
during design and programming. Also, since the PI
controller involves mathematical calculations in every
control cycle requires more memory and takes more
time before decision making. Therefore, the SMC offers
better dynamic performance and is more advantageous
as shown in Table 6.
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Table 6. Comparison of the performance of the Pland the SMC
controllers.

(7]

Pl controller

24 RPM
48 RPM
17s
4760
More
More

Parameter considered Sliding mode controller

17 RPM
26 RPM
125
3420
Less
Less

e

(8]

Steady-state error

Over shoot

Rise time

Integral square error
Mathematical over head in design
Memory requirement

(9]

10. Conclusion [10]

A modern solar-powered SEDC motor driving method
has been designed and tested in this paper. For con-
necting the SPV source to the battery, a SCBBC was
employed. The field winding and armature winding
were both powered by the battery. The voltage across
the Field winding has been regulated using a SCBBC.
The armature is being driven by a push pull converter.
Three different control techniques have been imple-
mented. In the first SCBBC, one SMC for the MPPT of
the SPV was implemented. The voltage across the field
winding has been controlled by the second SMC. The
third SMC is employed to control the duty cycle of the
PPC that powers up the armature circuit, allowing it to
regulate the speed of the SEDC.

The proposed concept was validated by modelling
in the MATLAB SIMULINK environment and an
experimental prototype. According to the findings, the
SCBBC is a better choice than a conventional boost
converter, and the SMC is a superior choice for MPPT
of solar PV because it just requires the voltage across
the SPV panel for control systems. Furthermore, when
compared to a PI controller, the SMC has less peak
overshoot, steady-state error and ISE.

(11]

(12]

(13]

(14]

(15]

(16]
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