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Abstract: This paper presents the implementation and controlling strategies of solar energy
based Hybrid Electric Car (HEC). Theresearch has presented in three parts dueto restriction
on length of the article. The analysis of the solar power based HEC is presented in part-1 and
results carried out with different possible cases are discussed in part-3. The proposed hybrid
electric car which isdriven by a 3 phase induction motor powered by using two power sourcesis
designed. I n present day scenario the world islooking for solar energy as source based electric
cars. But solar (Photovoltaic (PV) cells) itself cannot provide sufficient power to the cars for
applications of long drive. So, the alternate power source is mandatory. For consideration of
economic issues and long drive applications, incor por ate battery isintegrated to the system with
proper controller. So, the system makes hybrid and morereliable. The MPPT (maximum power
point tracing) controller is incorporated to the system by using P& O (perturbation and
observation) algorithm which can be utilized for PV system to operate at maximum power level.
The model used for vector control deign can be obtained by using the space vector modulation
technique. The detailed control logics and models are implemented in MATLAB simulnik
platform. Therole of bidirectional DC to DC converter and vector control of induction motor
has discussed in this part. Therelativeresultsarediscussed in part 3. Themodel can be further
extended with eletrolyzer and fuel cell systemsto operatethecar for long drive application.
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I. CONTROLLERSON DC SIDE

The system description, size of components and modeling of different type of components in
solar based Hybrid Electric Car (HEC) are presented in part 1. The overview and details of controllers
of proposed system will be discussed in this paper. In order to maintain effective control of theinverter,
first the dc link voltage which is input to the inverter needs to be regulated. However, the PV output
voltage is not being constant, it will vary accordingly load and irradiance [1-2]. According to power
and voltage curves of solar PV cells, it can be delivering the maximum power at a particular operating
voltage (called as Vi) [1-4]. The power vs voltage characteristic curveis shown in Fig. 1(a). The PV
system can be operated at maximum power point (MPP) level by using power electronics converter
with proper maximum power point tracking (MPPT) agorithm. Therefore, maximum power point
trackers (MPPTSs) are employed to the system for track the peak power from PV systems for best
utilization. MPPT is basically a power electronic based converter whose regulate the dc-link voltage of
PV corresponding to Vi, SO that the system operates at the MPP [1-9].
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The PV power can vary from zero to maximum according to Fig. 1. The maximum generated
power by PV system depends on dc-link voltage (i.e, Vinp). Hence, in order to control the dc-link
voltage, the physical MPPT converter (i.e, dc-dc converter) is required for regulating the dc-link
voltage. In case of battery storage system, a bidirectional DC to DC converter regulates the dc-link
voltage and also its acts as MPPT for PV system. In this proposed system, the MPPT algorithm and
controller isintegrated to bidirectional DC to DC converter, henceit can be act as MPPT of PV system.
Hence, bidirectional DC to DC converter not only regulates the DC bus voltage, it aso acts as MPPT
for PV. Hence, there will not be any extra converter required for PV system to operate as MPPT, it can
be reduce the cost, size and weight of the system. Hence, load on battery will reduce and helps to run
the car for some more distance. Of the several algorithms of MPPT, P& O algorithm is most popular
and extensively used, which is shown in Fig. 1(b) [5]. The following equation is followed to locate the
voltage at which the MPP isreached [5].

Vi (K) = Vo (k= 1)+ M x sign(%j 1)

where, M is steep voltage and k is the iteration and dp/dv is change in PV power with respect to
PV voltage.
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Fig. 1: (a) P-V curve, (b) P& O agorithm

To achieve the maximum power from PV, a bidirectional dc to dc converter is connected in
between PV system and dc link voltage. The PV system output power will be vary according to solar
irradiance. Hence, the output voltage of PV system will also vary. The controller is designed to operate
the system with MPPT point by regulating the current of battery through bidirectional DC to DC
converter by operating the dc link voltage at V. This can be achieved by adjusting the duty cycle of
bidirectional DC to DC converter. The proposed controller of bidirectional DC to DC converter of
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battery is showing in Fig. 2. Now the responsibility of the control scheme is to produce a reference
current which needsto be followed by the battery current. The dc link voltage is compared to Vi, and
the error signal is given to Proportional and Integral (PI) controller. The output of the PI controller is

generating reference battery current (I ;) . The reference battery current so obtained is then compared
with actual battery current (1) and the error is processed through a hysteresis band which in turn

gives control signals (gating pulses) to the IGBT devices (S & $) of the bidirectional DC to DC
converter.

The P& O agorithm will generate the reference voltage (V) as shown in Fig. 1.Depending

upon the sign of changein power with respect to sign of voltage, thedirection for further perturbationis
decided. Thisreference voltage signal will be sent to DC to DC controller as areference voltage signal.
The following equation is followed to locate the voltage at which the MPP is reached.

Virgp (K) = Virgp (K= 1) + AV xggn(dpij ©)
dVpy

Where, AV issteep voltage and k isthe iteration.

Thebidirectional DC to DC converter interfaces the low-voltage battery with a high-voltage dc
bus and maintains a bidirectional power flow [1, 10]. In order to increase the life time of the battery, a
state of charge (SOC) based controller is implemented as shown in Fig. 2. The dc-link voltage is
controlled within a limit so that the actua charging/discharging current will be as per the given
specifications. There are three operating modes in bidirectional DC to DC converter i.e. plug-in
AC/DC charging of battery, Boost operation from the low-voltage of battery to the high-voltage bus of
the EV, and buck operation from the high-voltage bus to the battery for regenerative charging. The dc
link is connected with battery through a bidirectional DC to DC converter. By using bidirectional
converter, the battery voltage can be able to kept at lower as compared to reference dc link voltage
(V*4c) and hence we can reduce the number of batteries connected in series. In this proposed system the
battery voltage is about 300 V while V*4. = 526V, it is the rating of the high energy battery, as
considering 90% depth of discharge (DOD). By considering the output of a controller as the reference
current for the battery, a hysteresis band approach is adapted to switch either S or S of the
bidirectional converter. Moreover, the control signal is inhibited within a limit so that the actual
charging /discharging current will be as per the specification of the battery. Therefore, the dc bus
voltage should maintain high enough to match the motor voltage rating.

If SOC of the battery reaches 95%, then the battery will be disconnected from charging
operation and PV can adjust the voltage at its power level. The voltage signal at maximum power point
of the PV is coming from P and O agorithm and it is giving as an input to bidirectional dc to dc
converter. Hence, the bidirectional dc to dc converter reference signal will be the Vi, of the PV
system. This reference voltage signal is comparing with actual dc link voltage (i.e., output of the PV or
input of the inverter) signal. The error is given to Pl controller. The PI controller will generate the
reference battery current depends on voltage level on DC side. Actually power mismatch will be
reflected in change in voltage on dc link. This reference battery current is now comparing with actual
battery current and pulses will be generated with the help of hysteresis band. The pulses will operate
the switches and can control the duty cycle of the bidirectiona DC to DC converter. Moreover, the
SOC aso incorporated to controller to improve the life cycle of the battery. The details controller
circuitisshownin Fig. 2.
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Fig. 2: (a) Bidirectional DC to DC Converter, (b) DC to DC converter control

Il. CONTROLLER ONAC SIDE

The Induction motor is connected through inverter. To run the vehicle, the wheels needs to
driven by induction motor only. The motor plays a very important role in hybrid electric vehicle. The
smooth operation of vehicle will be depends on control of the induction motor only. Hence, the speed
torque characteristics should be identical and should not be depends on each other to run the vehicle at
different speeds with same torque and vice versa. This type of capabilities are available in separately
excited DC motor, however, already we mentioned the reasons to select the induction motor in
previous part, i.e. part 1. Hence, considered that by using vector control, the induction motor can runs
as aseparately excited motor. In this section, the details concept and implementation of vector control
IS presented.

Ideally, a vector controlled induction motor drive operates like a separately excited dc motor
drives. The armature current and field current are orthogonal or decoupled in nature. This means that
when torque is controlling the armature current and field current is controlled when speed control is
needed. The comparisons are shown in Fig. 3[11-12].
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Fig. 3: (a): separately excited DC motor, (b) Vector controlled Induction motor.

DC machine performance is suitable for eectric vehicle applications and it can also be
achieved from induction motor if the machine control is considered in as synchronously rotating
reference frame. The induction motor with the inverter and vector control in the front end is shown

with two control currents, iy and igs. These currents are the direct axis component and quadrature

axis component of the stator currents respectively. With vector control, i4sisanalogousto field current
I+ and iqs is analogous to armature current |, of adc machine as shownin Fig. 4.
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Fig. 4.: Steady state phasors (a) increase of torque component current, (b) Increase of flux component
of current.

The principal implementation of vector control isshownin Fig. 5. Theinverter isconsidered as
unity current gain, it generates currentsi,, i, and i as dictated by corresponding command current i*,
ip* andic* from the controller. A machine model with internal conversationsis shown on theright side
of the figure. The achieved terminal phase currentsis,, ip, and ic are converted to igs Sand igs. These are
then converted to synchronously rotating frame by the unit vector components Cos©e and sineBe
before applying them to the de and ge machine model as shown in Fig. 5. General model of vector
control isshownin Fig. 6.
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Fig. 5: Vector control implementation principle with machine de and ge model.
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In [13-15], the authors proposed water pumping system based on scalar control of IM drive.
However, scalar control (v/f) have limitation that voltage cannot increase beyond the rated value. Due
to this limitation frequency cannot increase beyond the rated value for constant torque applications.
Scalar control, such asthe constant v/f method when applied to an IM isrelatively simple to implement
but it gives a duggish response because of the inherent coupling effect due to torque and flux being
functions of current and frequency. Moreover accurate position control is not possible with scalar
control since this requires instantaneous control of the torque. On the other hand, vector control
de-couples the vectors of field current and armature flux so that they may be controlled independently
to provide fast transient response [11-12]. The three phase motor currents are decomposed into the
field component (I4) and the torque component (Ig). Under such circumstances, the generated torque
can be expressed as [11-12]

Te =Klgly (3)

Here, 14 is oriented in the direction of flux (W) and |4 is established perpendicular to it. This
means that when reference current of 14 (I q) is controlled, it affects the actual 14 current only, but does
not affect the flux. Similarly, when reference current of I4 (I g) is controlled, it controls the flux only
and does not affect the I*q component of current [11-12]. In this thesis, since we are controlling 14 by
keeping |4 as constant, the flux will remain constant for various operating conditions.

Thedc-link voltage is regulated with switch S; and S, of bidirectional DC to DC converter and
pulse width modulation (PWM) inverter is controlled using vector control (Fig. 7). Therefore, if PV
power is more than load, battery can charge and in case of load is more than PV power, battery can
discharge to meet the load demand. Once dc link has stabilizing, the inverter controller can easily
regulate the speed of induction motor at its reference value. The blocks involved in vector control is
shown in Fig. 7.
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Fig. 7: Forward and Inverse Clarke Transformation (a,b,c to o, and backwards)

The forward Clarke transformation converts a 3-phase system (&, b, c) to a 2-phase coordinate system
(0, B). Fig. 8 shows graphical construction of the space vector and projection of the space vector to the

quadrature-phase components a, {3.

Phase C

Fig. 8: Clarke Transformation

Assuming that the a axis and the a axis are in the same direction, the quadrature-phase stator currents
is« @nd i are related to the actual 3-phase stator currents as follows:

i =k[i9—%isb—%isc} 4)

lsh _kﬁ[isb_lsc] )
2

33
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where:

Isa = Actual current of the motor Phase A [A]
Is» = Actual current of the motor Phase B [A]
isa,g = Actual current of the motor Phase C [A]

The constant k equals k = 2/3 for the non-power-invariant transformation. In this case, the quantitiesig
and i are equal. If it’s assumed that, the quadrature-phase components can be expressed utilizing only
two phases of the 3-phase system:

g =g (6)
I :%iw"‘%isb (7)

The inverse Clarke transformation goes from a 2-phase (a, ) to a 3-phase is, is, i System. For
constant k = 2/3, it is calculated by the following equations:

i =i (8
iSb Z_%isa +§|Sb (9)
i =—%i%1 —@isb (10)

The components is; and i, calculated with a Clarke transformation, are attached to the stator
reference frame a, 3. In vector control, all quantities must be expressed in the same reference frame.
The stator reference frame is not suitable for the control process. The space vector isrotating at arate
equal to the angular frequency of the phase currents. The components is; and i3 depend on time and
speed. These components can be transformed from the stator reference frameto the d-q reference frame
rotating at the same speed as the angular frequency of the phase currents. Theig and is; components do
not then depend on time and speed. If the d-axis is aligned with the rotor flux, the transformation is
illustrated in Fig. 9, where 8field isthe rotor flux position.

g BA

L
(AP
Ir{:r.

Fig. 9: Park Transformation

The components isy and i of the current space vector in the d-q reference frame are determined by the
following equations:
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Iy =lsn COSUEigg +ig SNAEigq (11)
Iy =l SNAEigq +ig COSYrigq (12)

The component iy is called the direct axis component (the flux-producing component) and iy is
called the quadrature axis component (the torque-producing component). They are time invariant; flux
and torque control with them is easy. To avoid using trigonometric functions on the hybrid controller,
directly calculate sinBriag and cosBrigq Using division, defined by the following equations:

Y rd :\Ig r2a +y r2b (13)

SiNGigq B3 and COSQigg A
rd rd
The inverse Park transformation from the d-q to the a,  coordinate system is found by the following

equations:
I =l COSUEgg — gy SNUEigq (14)
I =g SNUgigg +isg COSUFigq (15)

Knowledge of the rotor flux space vector magnitude and position is key information for AC
induction motor vector control. With the rotor magnetic flux space vector, the rotational coordinate
system (d-q) can be established. There are several methods for obtaining the rotor magnetic flux space
vector. The flux model implemented here utilizes monitored rotor speed and stator voltages and
currents. It is calculated in the stationary reference frame (a, ) attached to the stator. The error in the
calculated value of the rotor flux, influenced by the changes in temperature, is negligible for this rotor
flux model. The rotor flux space vector is obtained by solving the differential equations (16) and (17),
which are resolved into the a and  components. The equations are derived from the equations of the
AC induction motor mode!;

d L d.
[(1_5 )Ts +Tr ]ay ra =€musa Y ra _WTry rb _SLstalsa (16)
d L d.
[(1_5 )Ts +Tr ]ay rb =Emusb Y +WTry ra _SLstalsb (17)
Where:

Ls = Self-inductance of the stator [H]

L, = Self-inductance of the rotor [H]

L = Magnetizing inductance [H]

R, = Resistance of arotor phase winding [Ohm]
Rs = Resistance of a stator phase winding [Ohm]
w = Angular rotor speed [rad.s-1]

Pp = Number of motor pole pairs

rob
R
L

T, =—> =Stator time constant [s]

S

= Rotor time constant [9]

2
m

s =1-

= Resultant leakage constant [-]

sTr
For purposes of the rotor flux-oriented vector control, the direct-axis stator current iy (the rotor
flux-producing component) and the quadrature-axis stator current is (the torque-producing
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component) must be controlled independently. However, the equations of the stator voltage
components are coupled. The direct axis component ug also depends on iy and the quadrature axis
component U, also depends on iy. The stator voltage components ug and us; cannot be considered as
decoupled control variablesfor the rotor flux and electromagnetic torque. The stator currents isy and i
can only be independently controlled (decoupled control) if the stator voltage equations are decoupled
and the stator current components iy and is are indirectly controlled by controlling the terminal
voltages of the induction motor.

The equations of the stator voltage components in the d-g coordinate system (16) and (17) can be
reformulated and separated into two components:

eLinear components

*Decoupling components
The equations are decoupled as follows:

i . . . L
r'r
r

L2 L2

Where: Ky = I'-\’S+L—’;“Rr , KL= LS—L—m

The voltage components are the outputs of the current controllers which control iy and i

components. They are added to the decoupling voltage components to yield direct and quadrature

components of the terminal output voltage. This means the voltage on the outputs of the current
controllersis:

r r

i . d.
ug;‘:KRlsq+KLa|sq (21)

The decoupling components are:

Lm
— 22
LTyrdj ( )

decouple __ :
Ugy = —(WSKLI ot
r'r

. L
ugqecouple = [WSKLISd +L—mwy rdj (23)
r
As shown, the decoupling algorithm transforms the nonlinear motor model to linear equations
which can be controlled by general Pl or PID controllers instead of complicated controllers. Space
Vector Modulation (SVM) can directly transform the stator voltage vectors from an a, [3-coordinate
system to Pulse Width Modulation (PWM) signals (duty cycle values).

The detailed vector control modeling is shown in Fig. 10, this can be achieved by above

mathematical equations. The speed will be regulated according to reference speed of car, i.e,
according to our required speed within limits.
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Fig. 10: Block diagram of vector control

The Matlab model of Vector control is implemented by using Fig. 10. The corresponding
results with detailed discussion are presented in part 3.

I11. CONCLUSION

The analysis of solar powered based HEV has presented in part 1 and the continuous research
on controllers of the proposed system is described in this paper as part 2. The regulation of dc link
voltage is achieved by controlling of DC to DC converter. Moreover, with the help of integration of P
and O algorithm and controller of DC to DC converter, the maximum power from PV system also
obtained without any extra converter to get maximum power from PV system like MPPT converter.
This can reduce the cost, size and weight of the system hence car can run more distance with same
battery capacity. The SCO also incorporated while designing the controller of DC to DC converter to
improvethelife cycle of battery. With the help of vector control of induction motor, separately excited
dc motor characteristics can be obtained which is more suitable for electric vehicles. The detailed
modeling of DC to DC converter controller and vector controller has described with the help of
mathematical analysis. The signification of controllers also presented in this paper. The results with
valid possible cases will be presented in part 3 with the help of controllers presented in this paper.
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