Alternative Approaches for Controlling 

A Hybrid Photovoltaic PV Array-Battery Powered 

Electric Vehicle Drives
Abstract--In this study, tri-loop dynamic error driven PID controller with limited motor current loop, VSC/SMC/B-B controller, Tansigmoid controller, Multi-zone VSC controller and Intelligent VSC/SMC/Novel Multi-loop VSC/B-B controller of a hybrid photovoltaic (PV) array-battery powered four-wheel drive electric vehicle are simulated. The characteristics of four designed controllers to nonlinear J, B and load torque for EV Electric Drives System are observed. The proposed system control mechanisms are digitally simulated by using the MATLAB/ Simulink/ SimPowerSystems software. The dynamic performance of the system is examined for all controller types proposed. 
Index Terms—Tri loop, PMDC, VSC/SMC/B-B, Tansigmoid, Multi-zone VSC, EV-PMDC, Photovoltaic
I. Introduction

T

HE demand for Electrical Energy and Fossil fuel has increased continuously during the last two or three decades with energy shortage, dwindling world fossil fuel and  non-renewable natural resources. This has renewed interest in green Energy and Renewable/Alternative Wind, Photovoltaic (PV), Fuel Cell, Bio-fuels and hybrid green energy schemes to supplement, complement and even replace fossil energy consumption in specific applications such as Transportation and Drive Systems. The traffic congestion problems have also grown and the increasing fuel cost did increase cost of living and acted as a Catalyst for New Technology Applications in Transportation Locomotive and Drive Sectors. The general view of the international oil industry regarding world oil reserves is even more alarming. A crisis in supply-demand balance is likely to emerge within 12 years as the impact of the growing demand of the developing economies competes with the high demand from developed countries for a dwindling supply [1].

One of the examples of alternative energy applications is battery electric vehicles (BEVs), which have zero vehicle emissions. A BEV power train can convert stored energy into vehicle motion, just like a conventional vehicle, and it can also reverse direction and convert vehicle motion (kinetic energy) back into stored energy through regenerative braking. BEVs produce zero emissions at their point of use but life cycle emissions can be significant, depending how the electricity is generated. If renewable sources of electricity are used (wind, solar etc), life cycle emissions will be negligible [2]. Maintenance requirements are low and the reliability is high. Fuel costs are low. BEVs are quiet and with low vibrations. Electric vehicles can draw their energy from a variety of primary sources [1].  In this study, a Dual–DC-Photovoltaic array Source is used as drive electricity source. There are extensive studies relating to best EV-Electric Vehicle drive and locomotive systems [3-12]. 

Thanks to the developments in DC motor technology and power electronics, moment per volume of the motor has increased and permanent magnet motor types have been advanced, thus the brush and commutator maintenance drawbacks have been largely reduced and in this way DC motor application area has been expanded. The DC motor speed or position control has been realized and also DC motor control methods have shown variety nowadays [13]. They include conventional PI, PID, fuzzy logic based, nonlinear, adaptive variable structure, model reference adaptive control, artificial neural networks, feedforward computed torque control strategies [14-19].
A battery backed-up PV powered EV drive system is studied in this paper. A permanent magnet DC (PMDC) motor is placed on each wheel of the four-wheel EV and operated in synchronism by applying various control strategies. The nonlinearities of viscous friction and inertia of the rotor mass are included in the motor modeling. Tri-loop dynamic error driven PID controller with limited motor current loop, Variable structure/sliding mode/bang-bang (VSC/SMC/B-B) controller, Tansigmoid controller, Multi-zone VSC controller, and Intelligent VSC/SMC/Novel Multi-loop VSC/B-B controller are applied to control and operate the PMDC motors in synchronism to meet the operating conditions and performances.
II. System Description 
The novel low cost independent PMDC four-wheel EV drive system is shown in Fig. 1. The proposed system consists of four parts. The DC voltage supply like battery and PV, DC-DC chopper, a controller and four PMDC motors for wheels. 
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Fig. 1. The proposed four-wheel electric vehicle drive system.

PVA-Photovoltaic modules are arranged in series and parallel to obtain the demand voltage and current ratings. A blocking diode (D) connected to PVA serially is used to block the reverse current flow. Input filter (Rf and Lf) allows for a valid quasi static model of the PVA and also acts as an added energy storage device. A capacitor (Cf) large value capacitor works as input filter and additional storage media [20]. There is a MOSFET four quadrant DC-DC chopper with the controller. The output of the chopper is connected to loads, which are four PMDC motors.

The schematic diagram of prototype four-wheel drive electric vehicle is shown in Fig. 2.
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Fig. 2. Schematic diagram of prototype four-wheel drive electric vehicle.
Each one of the PMDC motors used to drive the wheels is modeled in terms of armature current and rotor speed as shown in (1).
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  (1)

where Ra and La are the armature resistance and inductances of the PMDC motor. The viscous friction Bm and the motor inertia Jm are represented as nonlinear functions of the motor speed as given in (2) and (3), respectively.
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The general simulation diagram of the PV plus battery powered EV drives system, simulated in Matlab/Simulink environment, is shown in Fig. 3. The PV array is represented by a single block called PVA Model. This model is based upon the PV array modeling in Matlab/Simulink GUI environment, which is described in [21, 22]. Therefore it is not going to be repeated here. 

Fig. 3 includes a block called Tri-loop PID Controller. This block contains the Simulink model of Three-Loop Dynamic Error Driven PID controller, which is discussed next. This block is replaced by other types of alternative controllers later in the paper.
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Fig. 3. The general simulation diagram of the PV plus battery powered EV drives system.
Therefore only the inner part of this control block will be discussed to explain the applicability of the Tri-loop PID controller, VSC/SMC/B-B controller, Tansigmoid controller, Multi-zone VSC controller, and Intelligent VSC/SMC/Novel Multi-loop VSC/B-B controller.

III. CONTROLLER STRUCTURES
A. PID Tri Loop Dynamic Error Driven PID Controller with Limited Motor Current  
Classical PID control scheme is one of the control alternatives used here. However, the error signal to the PID controller is the sum of three dynamic error signals coming from three different loops as shown in Fig. 6 [21, 22]. Each one of the three loops uses one of the main variables, the motor speed, current and power of the PMDC motor. The total error signal to the controller is the sum these three dynamic loop errors as given in (4) and Fig. 4.
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               (4)
where (w, (I, and (P are the weightings of each loop error and they are assigned for satisfactory fast and stable dynamic system operation. The values of the weighting factors and PID controller constants are given in Appendix.
[image: image8.png]current

1, current
v

Im(nf )

Motor Current Loop




Fig. 4. . Tri-loop dynamic error driven PID controller.
The global error is processed by PID controller to generate the reference modulating input signal for the PWM signal generator block, which generates two pulses by comparing a triangular carrier waveform with the reference modulating signal. Two pulses are fed to the four-quadrant DC-DC chopper. The PMDC motor armature voltage is controlled by adjusting the switching functions for the chopper switches. Switch S1 and S3 for the main speed regulation loop, while switch S2 and S4 is used for the optional supplementary current limiting/braking loop [23].
B. VSC/SMC/B-B Controller

The global error in the VSC/SMC/B-B controller is described as the sum of two loops error as in (5).
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Where 
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The slope of the sliding surface is designed as:
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with adaptive term
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where 
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The control is an on-off logic; that is: When 
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Here, a ramp-up control is applied to Vc to generate Vcontrol
This test is to verify that the proposed VSC/B-B with adaptive 
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 even if the load changes; accordingly, the robustness can be confirmed.

The proposed system control mechanism is digitally simulated by using the MATLAB/Simulink/SimPower Systems software. VSC/SMC/B-B Controller system block diagram is shown in Fig. 5.
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Fig. 5. VSC/SMC/B-B Controller block diagram.
C. Tansigmoid  Controller

A Tan-sigmoid self adjusting controller is designed as follows:
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This gives the global error eT :
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Where 
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The change in the control voltage 
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Where  
[image: image27.wmf]22

01e

150,30,andR

kee

ww

b

==-=+

&


To give the final control voltage, the integral of 
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The proposed system control mechanism is digitally simulated by using the MATLAB/Simulink/SimPower Systems software. Tan-sigmoid controller system block diagram is shown in Fig. 6.
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Fig. 6. Tan-sigmoid Controller block diagram
D. Multi-zone VSC/B-B Controller

In the Multi-zone VSC/B-B controller structure, the global error is defined as: 
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Where 
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Use a 10-zonal scaled B-B controller as follows:
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The proposed system control mechanism is digitally simulated by using the MATLAB/Simulink/ SimPowerSystems software. Multi-zone VSC controller system block diagram is shown in Fig. 7.
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Fig. 7. Multi-zone VSC controller block diagram.

E. Intelligent VSC/SMC/Novel Multi-loop VSC/B-B controller

The global error in the Intelligent VSC/SMC/Novel Multi-loop VSC/B-B controller is described as follows:
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The slope of the sliding surface is designed as:


[image: image59.wmf]t

t

de

e

dt

sb

=+





           (15)

with adaptive term
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where 
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The control is an on-off logic; that is:
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The proposed system control mechanism is digitally simulated by using the MATLAB/Simulink/ SimPowerSystems software. The Intelligent VSC/SMC/ Novel Multi-loop VSC/B-B controller system block diagram is shown in Fig. 8.
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Fig. 8. The Intelligent VSC/SMC/Novel Multi-loop VSC/B-B controller.

IV. SIMULATION RESULTS
All of the controllers discussed in the paper have been applied to the speed tracking control of the same EV for performance comparison. There are two different speed references. One of the variable references in time increases linearly and reaches the 156.5 rad/s at the end of the first five seconds, and then the reference speed remains speed constant during five seconds. At tenth second, the reference speed decreases with same slope as at the first five seconds. After fifteen second, the motor changes the direction and EV increases its speed through the reverse direction. At twentieth second, the reference speed reaches the -156.5 rad/s and remains this speed at the end of twenty fourth second and then the reference speed decreases and becomes zero at thirtieth second. This reference speed waveform is named as Type I in this study. The other reference speed waveform named as Type II is sinusoidal and its magnitude is 156.5 rad/s and also period is 30 seconds. In all references, the system responses have been observed. 

In reference speed Type I, the motor speed responses are shown in Fig. 9. The speed response of the Tansigmoid controller has much more disturbance than the others. The motor speed has reached maximum positive speed value with very small speed error. Since the reference speed waveform is more variable than the constant speed reference, the armature current and voltage responses has more oscillations and ripples during the simulation. The armature current response range in Intelligent VSC/SMC/Novel Multi-loop is smaller than the other controllers. There are oscillations in armature current, armature voltage, global error as shown in Fig. 10, Fig. 11 and Fig. 12. The maximum amplitude oscillation in armature current is observed in Tansigmoid controller. 

As the reference speed is Type II, the system outputs are observed as shown in Figs. 14-16.

A general comparison of these five types of control algorithms show that tri-loop PID, VSC/SMC/B-B, Intelligent VSC/SMC/Novel Multi-loop, Multi-zone VSC/B-B and Tansigmoid controllers track the reference speed with small errors. 
V. CONCLUSION

The paper presents a validation study of five control strategies for PMDC driven Electric Vehicles. Each multi loop dynamic control scheme is used to control the DC-DC Chopper drive to reduce a global error based on a  tri-loop  dynamic error summation signal and to mainly track a given  speed reference trajectory loop error in addition to other supplementary motor current limiting and dynamic power loops are used as auxiliary loops to generate a dynamic global total error signal that consists of not only the main loop speed error but also the current ripple, over current limit and dynamic over load power conditions. Motor inertia, viscous friction and load torque are modeled as nonlinear functions of the motor speed in order to include road/uphill/downhill and frictional conditions. 
All proposed five types of the control schemes have resulted in acceptable dynamic and robust response with some noticeable differences.
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Fig. 9. Speed versus time (Type I).
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Fig. 10. Current (Ia) versus time (Type I).
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Fig. 11. Armature voltage versus time (Type I).
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Fig. 12. Global error (et) versus time (Type I).
[image: image68.emf]0 5 10 15 20 25 30

-200

0

200

time (s)

Motor Speed(rad/s)

Tri-loop dynamic error driven PID controller

 

 

0 5 10 15 20 25 30

-200

0

200

time (s)

Motor Speed(rad/s)

VSC/SMC/B-B controller

 

 

0 5 10 15 20 25 30

-200

0

200

time (s)

Motor Speed(rad/s)

Tansigmoid controller

 

 

0 5 10 15 20 25 30

-200

0

200

time (s)

Motor Speed(rad/s)

Multi-zone VSC/B-B controller

 

 

0 5 10 15 20 25 30

-200

0

200

time (s)

Motor Speed(rad/s)

Intelligent VSC/SMC/Novel Multi-loop

 

 

Motor

Reference

Motor

Reference

Motor

Reference

Motor

Reference

Motor

Reference


Fig. 13. Speed versus time (Type II).
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Fig. 14. Current (Ia) versus time (Type II).
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Fig. 15. Armature Voltage versus time (Type II).
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Fig. 16. Global error (et) versus time (Type II).
VI. APPENDIX

PV Array modeling equations:
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Where,

Vpv: Photovoltaic array output voltage (V)

Vc: Cell output voltage (V)

CTV: Temperature-voltage coefficient

CSV: Irradiation-voltage coefficient

Ns: Number of solar cells connected in series

A: Diode quality factor (6.2)

K: Boltzman’ constant (1.38*10-23J/K)

Tc: Photovoltaic cell operating temperature (K)

Iph: Photocurrent, function of irradiation level and junction temperature (A)

I0: Reverse saturation current of the diode D (0.01 A)

Ic: Cell output currrent (A)

e: Charge on an electron (1.60*10-19 C)

Rs: Series resistance of the photovoltaic cell (0.002
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Ipv: Photovoltaic array current (A)

Np: Number of solar cells connected in parallel

CSI: Irradiation-current coefficient

CTI: Temperature-current coefficient

Isc: Cell short circuit currrent (A)
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	V

	Actual rated speed 
	wa-rated
	156 rad/s

	Back emf constant
	Ke
	0.2 V.s/rad

	Electromagnetic torque
	Te
	Nm

	Motor speed weighting factor
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	Motor current weighting factor 
	
[image: image86.wmf]I

γ


	0.1

	Motor power weighting factor
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	0.1

	Proportional constant
	Kp
	150

	Integral constant
	Ki
	5

	Derivative constant
	Kd
	2

	Input filters

Rf=0.05
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, Lf=0.05H, Cf=20*10-6F

	Load torque constants

K0=0.9, K1=3.9*10-3, K2=66*10-6

	Viscous friction constants

B0=5.7*10-3, B1=25*10-6, B2=0.423*10-6

	Rotor moment of  inertia constants

J0=14.44*10-3, J1=62.6*10-6, J2=1.06*10-6
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