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Abstract: This project deals with modelling and performance evaluation of solar powered BMBLDC drive systems
using MATLAB and its toolbox SIMULINK. The system consist of mathematical model of photo voltaic source, boost
converter, BLDC motor, inverter, current controller an speed/torque controller is used for proposed model of solar
powered PMBLDC drive system. The motor is controlled through a hysteresis current loop and an outer speed loop
with a pi type controller. The proportional and integral gains are set to their optimal values. This proposed model can
be projected to unproblematic design tool for the development of solar powered PMBLDC drive system.
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. INTRODUCTION

Renewable energy plays an important role in electricity
generation. The main advantage of renewable energy is
that it is an indigenous resource available in considerable
quantities to all developing nations, in principle of having
a significant local, regional or national economic impact.
Several renewable options are financially and
economically competitive for certain applications such as
in conventional fuels remote locations where the cost of
transmitting electrical power or transporting conventional
fuels are high. Energy from the sun is one of the best
options for electricity generation as it is viable for long run
and free to harness.

The solar irradiance received on the surface of the PV
cells is converted instantaneously into electric power by
PV effect. The motor is a machine which transforms the
electrical energy into mechanical energy. Conventional
DC motors have many attractive properties such as high
efficiency, linear torque-speed characteristics and ease to
control. However the main drawback of dc motor is the
need of periodic maintenance and has other undesirable
effects such as spark, acoustic noise and carbon particles
coming from the brushes. Brushless DC motors in many
cases can replace conventional DC motors.

The BLDC motor has a trapezoidal back emf and requires
rectangular stator currents to produce constant torque. In
this model the trapezoidal back emf waveforms are
modelled as a function of rotor position, so that position
can be actively calculated according to the operating
speeds. Hysteresis or pulse width modulated (PWM)
current controllers are used to maintain the actual currents
flowing into the motor as close as possible to the
rectangular reference values. Because of the trapezoidal
back emf and the consequent number of sinusoidal
variation of the motor inductance with rotor angle,
transformation of the machine equations to the well-
known d,q model is not necessarily the best approach for
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Modelling and simulation instead, natural or phase
variable approach offers many advantages. Here the
switching function concept is adopted to model the pwm
inverter. This in turn results in obtaining the detailed
voltage and current waveforms of the inverter and
calculating the design parameters such as average and rms
ratings of components.

The power conditioning has a role to optimize the transfer
of energy between PV array and load. In this work the
boost converter is used to step up the dc voltage received
from PV cell. The boost converter is cheaper since it has
minimum number of power devices in its circuit.

1. PHOTOVOLTAICCELLS
A. Equivalent Circuit of PV Module
Practical PV device
[deal PV cell

Ty
—\V\N—
R |
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Fig.1. Electrical equivalent circuit of PV module

The equivalent circuit of a PV module is shown in Fig.1.
The simplest model of a photovoltaic cell is known under
the name of one diode model. It constitutes a diode in
parallel with a current source and one or two resistor. Rgis
the equivalent series resistance of the array and R, is the
equivalent parallel resistance. The shunt resistance is
classically neglected. The intensity of the current is
directly proportional to the light received by the cell. The
current voltage characteristic of the diode depends on
temperature. The more the module temperature increases,
the less power it can deliver. The basic equation that
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describes the characteristics of the ideal photovoltaic cell
is,

I=lpy—1Ip
Where I, is the current generated by the incident light and
it is shown in fig.2.

Fig.2.Modelling of current generating block

I,y is directly proportional to the sun irradiation and Ip is
the Shockley diode equation which is given by,

Ip = locen[exp(qv/akT)] — 1

Where 1, is the reverse saturation or leakage current of
the diode[A], q is the electron charge[1.6021e-19 C], k is
the Boltzmann constant[1.38065e-23 J/K], T is the
temperature of the p-n junction[k], a is the diode ideality
constant(1<a<1.6)

Tpv| I
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Fig.3. IV characteristic curve of PV

Arrays are composed of several photovoltaic cells and the
observation of the characteristics at the terminals of the
photovoltaic array requires the inclusion of additional
parameters to the basic equation. Basic equation that
describes the IV characteristics of the ideal photovoltaic
array is

| = 1, — I [exp((V+R)/NV@)]-(V+RI/Ry)

Where, V= NkT/q

lov and |, are the photovoltaic and saturation currents of
array and V. is the thermal voltage of the array. This
equation originates the IV curve shown in fig.2.where V.
is the nominal open circuit voltage, I is nominal short
circuit current, Vp, is the voltage at the maximum power
point, Iy, is the current at the maximum power point.

B. Photo Current of PV Module

The light generated current or photo current of the
photovoltaic cell depends linearly on the solar irradiation
and it is also influenced by the temperature according to
the following equation,

|pv: [Ipv,n + K(T - T)I[G/G,]

T and T, are the actual and nominal temperatures[k], G is
the irradiation on the device surface[W/m?], G, is the
nominal irradiation[W/m?] and lov is the light generated
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current at the nominal condition[A].Photo current
generating block is shown in fig.4.

Fig.4. Modelling of photocurrent generating block

C. Diode saturation Current
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Fig.5. Modelling of diode saturation current

The saturation current |, of the photovoltaic cells which is
shown in fig.5, which compose the device depends on the
saturation current density of the semiconductor (J,
generally given in [A/cm? and on the effective area of the
cells.

Io: [( I sc,n+KIAT)/(eXp(Voc,n+ KVAT)/th)'l)

Ky and K, are the voltage and current coefficients. I is
the short circuit current, V., is an open circuit voltage and
Vs the thermal voltage of the array. Simulation result of
photovoltaic array is shown in fig .6.
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Fig.6. Simulation result of PV array

1. BOOST CONVERTER

D. Steady State analysis of Boost Converter

Boost converter is a power electronic circuit whose output
voltage is greater than the input. It consists of dc input
voltage sourceV,boost inductor L, controlled switch S,
diode D, filter capacitor C and load resistance R. The
circuit diagram of boost converter is shown in fig.7.
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Fig.7. Ideal boost converter

The state variables for the boost converter are inductor
current x1 and capacitor voltage x2. From state space
averaging of boost converter, values of output voltage and
load current are given by the following equations.

L= J((Vin/L)-(Vo(1-D)/L))
Vo=/((I/C)-(V,(1-D)/C))

Modelling and simulation of boost converter is shown in
fig 8 and 9 respectively. Output voltage reaches the steady
state in 0.05 seconds.

(ILCHEL-DHRC

Vol-DJRC

Fig.8.Modelling of boost converter
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Fig.9. Simulation result of boost converter

V. BLDC MOTOR

According to NEMA standard a BLDC motor is a motor
having stator windings and a permanent magnet or salient
pole soft iron rotor. The stator windings are supplied from
a primary dc supply through a matrix of solid state
switches which are controlled by rotor shaft position
sensors and logic. In the absence of a regulator motor
speed is approximately proportional to the primary dc
voltage.

E. Modelling of Brushless DC Motor

'
L
B0

Fig.10. Electrical equivalent circuit of BLDC motor
Electrical equivalent circuit of BLDC motor is shown in
fig.10.From fig.10, terminal voltage equation of the BLDC

motor can be written as,
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Vas Rs 0 0 ia Laa Lab Lac ia
Ves| =0 Rs Of[ip +E Lpa  Lpp Lbc] [ib]
Vcs 0 0 Rs le Lca ch Lcc ic

€as

+ | €bs

€cs

On substituting the variable L and M for self and mutual
inductance, the above equation becomes,

Vis] [Rs O O7ig
Vsl=[0 R, 0 ibl
vl lo o Rl

1 0 0] 4 [l][€as

+(L—M)IO 1 olalibuebsl

0 0 1 icllecs

The induced emf e, e, €. are all assumed to be
trapezoidalwhere E; is the peak value which is given by,
E=(Blro,N), where B is the flux density, | is the length of
the conductor, r is the radius of rotor, w, is angular
velocity and N is the number of conductors. If we
substitute for flux theng, = Blr and flux linkaged,=Ne¢,

then E, = A,0m. The voltage equation per phase is,

. d.
Vas = laRs+(L_M)Ela+eas

In steady state the current is constant hence the rate of

change of current is zero. For power balance i,is

multiplied on both sides. Now voltage equation becomes,
Vasia = lg.RS + easia

The term i,°Rdenotes the stator copper loss and Vi, is
input power and e, is the air gap power P,.
Pa= Tep Om=Casla

Therefore the total electromagnetic torque for all the three
phase is given by,
T, = (easia + epsip + ecsic) / W
The instantaneous induced emf can be written as,
€as = fas(gr)lpwm
€ps = fbs(er)lpwm
€cs = fcs(gr)/lpwm

Where the function f,,.(6,.) have the same wave shape as
€acs With a maximum magnitude of +1 and -1 then
electromagnetic torque is,

T, = lp [fas(gr)ia + fbs(er)ib + fcs(gr)ic]Nm

For simplicity, load is modelled as moment of inertia J,

viscous friction coefficient B. then accelerating torque T,

drives the load.
dwpy,

]7 +Blwm_Te_Tl_Ta

T, is the load torque which constitutes the dynamic model

of BLDC motor.

F. Modelling and Implementation of BLDC using Matlab

The proposed model consists of emf block, load current

block, hysteresis current control block, pwm inverter block

and speed/torque controller block as shown in fig.11.
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LINE TO LINE VOLTAGES (Vab,Vhe,Vea)
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Fig.11. Overall block diagram of BLDC motor

1) Back EMF Block:
The back emf is a function of rotor position and has an
amplitude E=K.0, K, is the back emf constant. Modelling
of back emf, shown in fig.12, has theta and E as an input
which produces three back emf voltages e, ey, e..
Simulation is performed under the assumption that all
three phase have identical back EMF waveforms.
Simulation output based on the rotor position is shown in
fig. 12 and 13. The numerical expression of the back emf
can be obtained as shown below.
eﬂ
(6E /m)8, (0=8,<mn/6)
E (n/6 <@, <51/6)
=|—(6E/m)6, + 6E (5m/6 <8, <7m/6)
—F (7n/6 < 6, < 1171/6)
(6E/m)6, — 12F (7m/6 <8, < 11n/6)
€p
—E
(6E /)@, — 4E

(0<8,<m/2)
(n/2< 8, <51/6)

=| E (5m/6 < 6, < 9m/6)

—(6E/m)0, + 10E (on/6 < 6, =117/6)

E (11n/6 < 8, < 2m)
e (0=8,.<u/6)

_ —(6E/m)6, + 2E

= _E
(6E/m)6, — 8E

(t/6 <6, <m/2)
(/2 <6, <7n/6)
(7n/6 <6, <91/6)

E (9m/6 < 8, < 2m)
-
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cn
h
wref % Out2
Fen1
ke Product
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Fig.12. Simulink model of emf block
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Fig.13. Simulation result of rotor position, theta
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Fig.14.Simulation result of emf block

2) Speed and Torque Control Block:

Speed and torque characteristics of the BLDC motor
shown in fig.16, can be explained with the following
equation. On neglecting the damping factor we get,

On=(LI)(Te-T)=(L/IN[(Teat TentTec)-Ti]dt
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Fig.15.Simulink model of speed and torque
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Fig.16.Simulation result of speed and torque block

3) Hysteresis Current Control block:

In the BLDC motor hysteresis current control technique
can be regarded as the main current control strategies. I,
Imax, 6-are the inputs to thefunction block which in turn
outputs the three switching functions SF,, SF,, SF..
Simulink model and switching functions for the three
phases are shown in fig.17 and 18.This current control
method is explained based on the case of phase A.

Casel: I,>0

Periodl: I,< LL= switch S1 is turned on.

Period2: 1.>UL= switch S1 is turned off and D4 is
conducted.
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Period3: LL < I,< UL and dl,/dt>0= S1 is on.
Period4: LL < I,< UL and dl,/dt<0=S1 is off and D4 is
conducted.

Case2: 1,<0

Period1:1,> UL= switch S4 is on.

Period2:1, < LL= switch S4 is off and D1is conducted.
Period3:LL < I,<UL and dl./dt<0 = S4 is on.

Period4:LL < I,< UL and dl,/dt>0=S1 is off and D1 is
conducted.

Here UL and LL are upper and lower limits respectively.
This hysteresis current control logic is realized in a
function block f, (u) using the mathematical model given
below.
fo) = (D >n/6) (D < 51/6)
(A<C*09)—(A>Cx*11)
+(A>C*09)*(A<C*x11)*(A>B)|+
—(A>C*09)*(A<C*11)*(A<B)

(D > 7n/6)- (D < 111 / 6)
—(A>-C*x09)+(A<—C *1.1)
—(A<—-C=*09)*x (A>—-C=+11)x(A<B)
+(A<—-C+x09)* (A>—-C*11)*(A>B)

Where A = u[1], B =u[2], C = u[3], D = u[4]. A represents
l,, B represents previous value of I, C represents
upper(1.1) and lower limit(0.9) of I,, D represents rotor
position.

: memory block

Fig.17.Simulink model of switching function generating
switching function of phase a,SFa
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Fig.18. Simulation result of switching functions
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4)PWM  Inverter
Blocks:

From the hysteresis block switching functions SF; .,
SFi , SFy ., are determined to model the operation of
pwm inverter. Using switching function concept, power
conversion circuit can be modelled according to their
functions rather than circuit topologies. As we know in
BLDC motor only two phases are excited though the
conduction operating modes. Therefore the three phase

Voltage and Current Generating
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currents are considered in terms of line to line voltages.
From fig.10.voltage and current equations can be obtained
as follows.

. di
Vab = Rypiy + (L — M)u_i + eap
Vap = Rppip + (L — M)LL
=Ryl + (L - M)LLd— + enc

di
=Rpiz + (L — M)LL = . T €ca

+ €ab

Where, R = 2R and (L-M)_ = 2(L - M)
Back emf, € = €3— 6

€pc = €p —€,

€ca =€ €4
And phase current, ig-ig-ig
ip=ip-ig
ic=iz-ip

Using switching function SF;_,,. which is obtained from
hysteresis block, inverter line to line voltage can be

derived as,

Vab = Vao~Vbo = ij (SFl_a - SFl_b)
Vbe = Vbo—Veo = 5 (SFy ) — SFy_)
Vea = Veo~Vao = ij (SFl_C - SFl_a)

Duty cycle controlled PWM voltage and current can be
obtained from the Simulink model shown in fig.19 and 22
and its result is displayed in fig.20 and 21. Fig.23, shows
the back emf and phase current are in well synchronization
with each other as per Hysteresis Control Algorithm.
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R
SF1B
Product2
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Fig.19. Simulink model of voltage generating block
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Fig.20.Simulation result of phase voltage generating block
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Fig.22.Simulink model of phase current generating block
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Fig.23.Simulation result of phase current generating block
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Fig.24. Modelling of BLDC motbr

G. Simulation Result of PV Fed PMBLDC

Simulation results of PV fed PMBLDC motor for constant
speed of 261 rad/sec and with a step change in 100rad/sec
are displayed in this section.

1. Output of EMF Block with Respect to Rotor Position

for a Constant and Step Change in Speed:

Fig.26 and 28, shows the generated back emf from the
rotor position and the phase-current waveforms according
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to the operating speed. EMF waveforms are actively
calculated and generated from the rotor position. Here the
rotor speed position is varied from 0 to 2 7 per electric
cycle and the back EMF has amplitude of 28.11 V. From
fig.28, it is clear that as back emf is directly proportional
to speed, small step change at 100 rad/sec increases the
amplitude of the back emf.

rotor position, theta

t
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time

Fig.25. Simulation result of rotor position for constant
speed.
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Fig.26. Simulation result of emf block for a constant speed
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Fig.27 . Simulation result of rotor position for step chnge
in speed.
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Fig.28. Simulation result of emf block for step change in
speed
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2) Output of Speed and Torque Control Block for a 4) Output of Voltage Generating Block for a Constant and

Constant and Step Change in Speed: Step Change in Speed:
2000 speed (rpm) phase ml\age.Va(V)
2000
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Fig.29. Simulation result of speed and torque block for

constant speed Fig.33.Simulation result of phase voltage for constant
speed
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Fig.30. Simulation result of speed and torque block for . . .
step change in speed Fig.34.Simulation result of phase voltage for step change

in speed
3) Output of Switching Function for a Constant and Step

Change in Speed: }l

switching functiol iphase aSFa

IS

0.1 0.2 03 0.4 05 06 07 0.8 09 1

O

0.1 0.2 0.3 0.4 05 06 07 0.8 0.9 1

switching function of phase c,SFc
(IR
JHALMHAL

ATREREAT AT

r r r
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

[

S

-

)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

i
o

. . . L . Fig.35. Simulation result of line voltage for constant speed
Fig.31. Simulation result of switching functions for
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5) Output of Current Block for a Constant and Step
Change in Speed:

Phase ‘c’ current reaches the I, value before phase ‘b’
current goes to zero. As the result, the phase “a” current
decreases and torque increases during the commutation
period. Therefore it is noted that in the developed
simulation model, the transient characteristics & steady-

state conditions are well examined

phase current la(A)
20
o M s g gl
KRALRARR AR LR LLL AR R R L LR R
-20
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
phase current Ib(A)
20
o o o A o A
LA A UL AT L
-20
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
phase current Ic(A)
20
-20
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig.37.Simulation result of phase currentfor constant

phase current, la(A)
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Fig.38.Simulation result of phase currentfor step change in
speed

V. CONCLUSION

Asimple, accurate and fast running Matlab / Simulink
model for an entire PV fed three-phase star connected
BLDC Motor drive is implemented. The trapezoidal back
EMF waveform is modelled and operating speeds are
calculated. With the help of PI controller, the real speed
reaches the command value where the generated constant
torque is taken as reference, the maximum current
reference value (Imax) is calculated and utilized in the
hysteresis control block. Using switching function concept
voltage and current waveforms of the inverter is obtained.
In the BLDC Motor drive, duty cycle controlled voltage
pwm technique and hysteresis current control technique is
used for obtaining the fast dynamic responses during
transient states. Therefore, the mechanism of phase
commutation and generation of torque ripple is observed
and analysed. Thus the proposed model is used to predict
the performance of drive during transient as well as steady
state operation.
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