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Abstract. The performance of a shunt interconnection made 

from a  PV system, a three phase grid voltage supply, and a DC 

shunt motor (DC load) is investigated  The PV  system 

participates with maximum powers to the overall interconnection 

active power flow. It uses a class D chopper circuitry controlled 

properly by a typical maximum power point tracker (MPPT) 

controller.   The grid   has the role of supplying active power in 

case of any  power deficiency needed by the DC motor load. 

Similarly, it has  also the role of absorbing active power in case 

of any additional power generated by the PV system and not 

needed by the DC  load. This is done by using an   AC/DC power 

electronic converter. The AC/DC power electronic converter  

operates either under rectifier or inverter modes.  The AC/DC 

power electronic converter is also operated under the next two 

conditions: 1-the reactive power expected at the grid voltage bus 

should be nearly null,  2-harmonics currents often encountered in 

the grid line currents waveforms should be tolerable.  The two 

latter conditions are fulfilled by using the principle of voltage 

oriented control (VOC) technique. The performance of the 

investigated interconnection is simulated in Matlab/Simulink 

platform. Quite satisfactory results are obtained.   The 

satisfaction about the obtained simulation results persists on 

being able to integrate easily  the PV system  with the AC grid  

while extracting maximum power from the PVG and having a 

unity power factor at the AC grid bus and less encountered 

harmonics in the ac line currents. 
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AC/DC Converter; Class D Chopper; Maximum Power 
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1. Introduction 
Due to  the  ongoing cost reduction of photovoltaic 

modules, the power production by solar photovoltaic 

systems is growing fast.  Experts anticipate that solar 

photovoltaic systems will have an enormous impact in 

global electric energy production  in the future. This is  

quite true in countries that are blessed by quite good yearly 

solar irradiations levels like the ones in the Middle East 

and North Africa regions.  

Two decades ago, most of the solar photovoltaic systems 

were standalone electricity generating systems. But, with 

the increased energy demand, large-scale photovoltaic 

grid-connected technology has gained more 

implementation worldwide [1]. The advantage of the 

photovoltaic grid connected systems is that they are 

connected easily with  the grid circuitry through power 

electronic AC/DC converters and do not need storage 

batteries. Cancelling the storage batteries  from the 

integrated hybrid grid-PV setups  decreases the overall 

capital cost of the resulted renewable energy installations.    

 Figure 1 represents a basic sketch of a conventional grid-

connected photovoltaic system. The photovoltaic  system 

(PV) is linked to the grid through a power electronic 

inverter. 
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 Fig1. A Typical Grid-Tied PV System 

Actually, the inverter harvests the power from the 

photovoltaic energy arrays  and changes its form  from a 

DC  power  to AC power. The inverter should make sure 

that resulted AC power is in conformity with the grid 

regulations limits. 

When operating a grid-connected photovoltaic through an 

inverter, as an interface and when the latter is controlled 

by the different Pulse Width Modulation (PWM) 

techniques, many problems or inconveniences are noted. 

The problems may include voltage stability, frequency 

variation, and distortion in current and voltages time 

varying waveforms.    References [2-3]  enumerate  some 

side effects of grid-connected photovoltaic power plants 

on the performance of power grid constituents.   

To maximize electric power generation from photovoltaic 

systems, a number of research works has been 

established to address certain raised concerns. The 

research works concentrated on either improving the 

performance of photovoltaic panels or controlling 

adequately the power electronic interface circuitry. In the 
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field of controlling the power electronics circuitry, two 

points are mainly considered: In the first point, several 

papers discussed the development of Maximum Power 

Point Tracking (MPPT) algorithms to maximize the output 

power from the photovoltaic systems [4-5]. In the second 

point, the use of inverters controlled by pulse width 

modulation techniques and the need for filters to improve 

the quality of the power injected into the grid are discussed 

[6-7]. In reference [8], both  above aspects have been 

considered where a grid-connected PV system is proposed. 

It used the MPPT technique to calculate the phase angle 

between the inverter voltage and the grid voltage to 

determine the optimal slope of the power load line. This 

corresponded to the maximum power point of the PVG 

generator.      

 

In the main author's previous works [9],   PV arrays were 

connected to the power grid using a classical single phase 

bridge rectifier working in the inverter mode of operation 

has been used. Unfortunately, such interconnection 

resulted in an excessive of reactive power generation from 

the grid and quite considerable distortion in the grid line 

current waveforms was noted. Also, in the main author’s 

work [10], an alternate interconnection of the PVG with 

the grid was proposed. The interconnection used an H-

Bridge controlled by a hysteresis controller.  It was found 

that the proposed interconnection performance was limited 

by the fact that not all possible maximum power of the 

PVG source can be extracted. Extracting more power from 

the PVG source was at the expense of the deterioration and 

the distortion of the AC inverter current Waveforms. 

In general, many of the research works related to grid-

connected photovoltaic systems concluded  that there are 

research gaps for unsolved issues that need to be 

considered with the intention of reaching better solar 

power quality production, and better power flow control of 

the grid-connected photovoltaic systems. 

In this paper, a photovoltaic generator (PVG) is also tied to 

the power grid voltage supply through an AC/DC 

converter. The AC/DC converter is a power electronic 

converter able to work in a rectifier mode as well as in an 

inverter mode. What is also new in this contribution is that 

the buck-boost converter of Fig.  1 is replaced by a class D 

chopper [11]. The semiconductor switches of the class D 

chopper are gated by a high-frequency pulse whose duty 

cycle is controlled by the output of a perturb and observe 

(P&O) controller. This latter targets the operation of the 

PV generator near its maximum power points at any 

possible surrounding insolation and temperature levels. 

The other new and encouraging contribution in this paper 

is that the AC/DC converter is controlled by a voltage 

oriented controller (VOC). The principles of the voltage 

oriented controller are extracted from references [12-14]. 

The voltage oriented controller duties persist   in 

conditioning the quality of the grid line currents 

waveforms and in preventing the grid voltage supply from 

generating or absorbing  reactive power.  

 This paper is prepared in the following manner: Section 2 

describes the study system by emphasizing mainly on the 

intended duties of main controller blocks, and section 3 

presents the system simulations performance. References 

list related to the paper contribution is provided at the end 

of this article. 

2. Study System Description 

Fig. 2 illustrates the scheme of the proposed study 

system. Fig.  2(a) indicates the main blocks and shows 

the desired active/real power flows. Fig.  2(b) shows the 

six main components of the system which are (1) A three 

phase  AC voltage source representing the phase 50-Hz 

power-grid, (2) a three phase feeder,  (3) a three phase 

AC/DC bridge power electronic converter, (4) a shunt 

excited DC Motor connected to a point that is often 

known as the point of common coupling (PCC), (5) a 

class D chopper configuration, and (6) a DC voltage 

source representing the PVG array in series with a 

smoothing reactor. 
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Fig2.  Study System a) One Line Diagram b) Detailed Circuit 

The next subsections describe the PVG characteristics 

and operation and function of the controllers shown in 

Fig.  2. 

 

2.1 Photovoltaic Generator (PVG) Array 
The photovoltaic generator (PVG) is made from a 

number of solar cells appropriately connected in series 

and parallel to generate DC electric power.   The PVG 

array model does not differ in origin from the solar cell 

model. Details explanation about this latter is addressed 

in a number of relevant physics or microelectronics 

textbooks [15]. In this study, the PVG array consists of 

two basic series PV modules. The PVG module model is 

taken from Reference [16].  The name or type of PV 

array along with its I-V and P-V characteristics, under 

1000W/m2 insolation and for two different temperatures 

250C and 450C, are reproduced in Fig.  3. 

 

As can be seen, the maximum power that can be 

delivered  by the two series PV modules  is 423.3 W 
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under 1000 W/m2 insolation level and 250C (i.e Standard 

conditions) 

 

2.2 Maximum Power Point Tracker (MPPT) Controller 

As shown in Fig. 2 (b), gating the semi-conductors (GG1 

and GG2) of class D chopper  can be provided by periodic 

pulses (GG1 and GG2). Each pulse should be 

characterized by a high frequency and a variable duty 

cycle. In fact, GG2 pulse is no more than GG1 pulse 

delayed by half period.  Figure 4(a) depicts the controller 

block diagram that has been used to generate the gating 

signals GG1 and GG2 to class D chopper.   It is worth to 

note that Class D chopper is operated in quadrant IV 

known usually as the regeneration mode quadrant. The  

duty cycle in such quadrant for each gating pulse (GG1 

and GG2) should not exceed 50%. 

 

 
 

Fig 3. Photovoltaic Generator (PVG) Characteristics 

         a) I-V characteristics, b) P-V Characteristics 
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Fig4. Class D Chopper Gates Controller 

Indeed, the value of the duty cycle D in this investigation 

is continuously decided by the output of a maximum 

power point tracker (MPPT) algorithm. Such algorithm 

performs its task according to the flowchart shown in Fig.  

5. Such flowchart constitutes the content of the first block 

of Fig.  4 (i.e left block of Fig.  4). The MPPT algorithm 

performs its duty based on the idea of the Perturb and 

Observe (P&O) control technique [17]. The reason for 

using such a control technique is due to its robustness and 

its quick dynamic response. Moreover, such technique 

does not need to know neither the PV array surrounding  

insolation and temperature levels nor the surface state of 

the PV modules. Its task is to keep updating the operation 

of the PV array near its peak power values in which 

dP/dV=0. Where, P is the power delivered by the PV 

module and V is the voltage across its terminals.   
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Fig  5. Maximum Power Point Tracker (MPPT) Algorithm 

 

2.3 Voltage Oriented Controller (VOC) 

The main objective of the voltage oriented controller 

(VOC) is to generate desired voltages  (  

 T  ) through proper switching states with a 

certain required phase shift from the grid phase voltages 

(   T  ) and by keeping the PCC 

bus dc- voltage shown in Fig.  2 at a certain  desired or 

reference value [12-14]. 

Actually, the essence of the voltage oriented control 

(VOC)  technique is to decompose the ac line current into 

two  separate current components  responsible of  

controlling  the active and reactive powers flows.  

Indeed, the line current is split into a q-current 

component termed   and a d-current component termed 

. Current  governs  the active power flow while 

current  governs the reactive power flow.  A unity 

power factor condition is obtained if  the grid line 

currents are aligned with the grid phases voltages  

 . This condition occurs when a desired q-current 

component is set or fixed to zero ( ) [18].  

Figure 6 represents the blocks diagram of the voltage 

oriented controller (VCO) that has been used in this 

investigation.  It consists mainly of five blocks: Phase 

locked loop, abc-dq transformation, decoupled controller,  

dq-abc transformation,  and PWM blocks. The Phase 

locked loop serves at finding an angle  corresponding to 

the angle between a synchronous rotating d-axis frame 

and a  fixed α-axis  frame. The  angle   is  used for all 

abc-dq and dq-abc transformation blocks. 
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Fig  6. Voltage Oriented Controller (VCO) Block  

The angle  is   continuously  calculated as follows: 

 

      (1)                         

                   (2)                                                 

The  abc-dq transformation blocks perform their task by 

executing the following  algebraic equations: 

  (3) 

Where 

 

Note Vag, Vbg, Vcg are the grid phase voltages whereas 

ia, ib, ic are the grid line currents. The content of the 

decoupled block is shown in Fig.  7. 
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Fig 7. Contents of the Decoupled Controller of Fig.  6 

The decoupled controller block contains three 

Proportional-Integrator (PI) controllers: Two PI current 

controllers and one PI voltage controller. The intention 

behind the operation of a proper decoupled controller is 

to have the measured PCC point DC voltage bus near a 

pre-set or a reference DC voltage (Vdc,ref). Moreover, 

the decoupled controller has  the duty of  forcing the q-

component current (iq) of the line currents to be  zero 

(iq,ref=0) when reaching steady state conditions. In doing 

so the reactive power delivered or absorbed by the grid 

becomes null. This will correspond to a unity power 

factor at the power grid bus.    

The  transformation of the voltage components  and 

, obtained as outputs of the decoupled controller,  to 

the controlled phase voltages , , and is done 

through the dq-abc transformation block. This is done 

mathematically as :  

    (4) 

The last three controlled voltages , ,  are fed as 

inputs to a  pulse width modulation  block (PWM block 

of Fig.  6). The PWM is responsible of   generating 

convenient pulses to the gates of the IGBTs switches of 

Fig.  2(b). The gate pulses are generated by going 

through the tabulation of the logic operations or steps 

shown in Fig.  8.  

 

Fig 8. Pulse Width Modulation (PWM) Block Content 

3. Study System Performance  
 

The performance of the proposed energy system of Fig. 2 

has been investigated and evaluated via extensive 

simulation studies done in MATLAB Simulink platform.  

The SIMULINK files of the developed models for the 

studied system can be obtained by contacting the main 

author of this paper. The used system data are shown in 

Table 1. 
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Table 1. Study System Data 

Three Phase Power Grid Voltage 

RMS line to line Voltage: 24√3  V Frequency: 50 Hz 

Feeder 

Series Resistance: 

Rf =7 mΩ 

Series Inductance 

Lf= 1 mH 

Photovoltaic Generator Module 

Type 1 Soltech – 1STH-215p 

Maximum Power 𝑷𝒎 213.15 W 

Open Circuit Voltage 

𝑽𝒐𝒄 : 36.3 V 

Voltage at maximum power 

point 𝑽𝒎 : 29 V 

Short-circuit current 𝑰𝒔𝒄  : 

7.84 A 

Current at maximum power 

point 𝑰𝒎 : 7.35 A 

Series smoothing  Inductance   Ls= 50 mH 

PCC Smoothing DC Capacitor 

Cd = 1000 µF 

Voltage Oriented Controller (VCO) Reference Values 
Vdc,ref  = 120 V Iq, Ref = 0 A 

VCO Decoupled Controller  PI Blocks Parameters 

PI voltage controller 

constants 

PI Current controller 

constants 

Kp = 0.01 Ki = 10 Kp = 5000 Ki = 20000 

Class D Chopper 

Gates Pulses 

Frequency1000 Hz 

Gates Pulses Duty cycle 

Limited between 0 to 50 % 

Shunt Excited DC Motor Load 

Armature winding Resistance Ra= 

5.15 Ω 

Inductance La= 

12 mH 

Field winding Resistance Rf= 

120 Ω 

Inductance 

Lf = 600 mH 

Armature Constant 

Kaϕ= 1.0 V.s 

Inertia Constant 

J = 0.1 kg.m2 

Applied Load 

Torque 

Tl= 1.25 Nm 

 

Assuming certain daily insolation patterns, the 

performance of the  proposed hybrid energy system is 

assessed based on recording the following measurements: 

 Active power contributions by the PV and grid 

systems to the DC load  

 The voltage level at the PCC DC bus and its 

comparison with a desired reference bus voltage 

(Vdc,ref). 

 Power Factor value at the power grid bus  

 The level of q-current component iq and 

compared with its reference value. (iq,ref). 

 Total Harmonic distortion factor (THD) level in 

the grid line currents 

 RMS value of the grid line current. 

 The level of the duty cycle of the pulses supplied 

to the gate of class D chopper controlled switches. 

 

Figure 9 depicts the daily  (from 6:30 am to 6 pm) pattern 

of the active or real powers at the point of common 

coupling (PCC). As can be seen clearly from Fig.  9(b) the 

DC load gets its constant power regardless of the change 

that may occur in the insolation level (Fig.  9 (a)). 

Examining Fig.  9(c), one can deduce the PV system has 

injected its real/active power to the PCC point and its 

amount depends on the surrounding insolation level. The 

injected solar power is always near its possible maximum 

power point (MPP). This demonstrates that the maximum 

power point tracker (MPPT) controller has adequately 

performed its intended task.   Figure 9(d) indicates the 

active or real power drawn from or supplied to the power 

grid source. Actually, the results depicted in Fig.  9(d) 

indicate that the AC/DC converter played  two 

roles/modes: the role of rectifier when the active power is 

drawn  from the grid and the role of inverter when the  

active power is supplied to the grid. 
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Fig  9. Active Powers Flow 

a) Pretended  Daily Insolation Level b) DC load Power c) PV 

Array Power Contribution d) Grid Power Contribution 

Figure 10 indicates the performance of the voltage 

oriented controller (VOC). Figure 10(b) represents the 

online computed power factor at the grid voltage bus. It 

is clearly shown that when the AC/DC converter plays 

the role of rectifier the power factor is unity. This is 

equivalent of saying the grid does not supply  any amount 

of reactive power. Similarly, when the AC/DC converter 

plays the role of the inverter, the power factor is also 

unity (-1 is shown in Fig.  10(b) to indicate inverter 

mode) and this is equivalent of saying that the  grid 

neither does not absorb any amount of reactive power.  

Figure 10(c) represents the total harmonic distortion 

(THD) levels in the grid line currents. The obtained THD 

levels are ought to be checked whether they fall-in  or not 

fall-in within the allowable standard limits [19-20]. One 

interesting  remark to note is that near the transition from 

rectifier mode to inverter mode and vice versa (from 

inverter mode to rectifier mode), the recorded THD 

levels are quite high. Worries about such remark should 

be eased because the overall rms value of the whole grid 

line current is near zero at such transitions,  as shown in 

Fig.  10 (d). This is to say  the distortion in the line 

currents  will have very minor effects on the overall 

system performance such transitions because all fast 

Fourier transform (FFT) components of the line currents, 

including the fundamental component, will be of small 

magnitudes.  
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Fig 10. Voltage Oriented Controller (VCO) Performance  a) 

Pretended Daily Insolation Level b) Power Factor at Grid 

Voltage bus c) Total Harmonic Distortion (THD) level in Grid 

Lines Currents d) Rms Value of the Grid Line Currents 

 
Fig 11. Voltage Oriented Controller  Performance  a) Pretended  

Daily Insolation Level  b)  DC Voltage at the PCC bus c)  q-

current component (iq) level 

 

Figure 11 represents also the performance of the voltage 

oriented controller (VOC).  Figure 11(b) depicts the online 

measurement of the PCC DC voltage and its compared to 

its desired reference voltage (Vref=120 V). A quite good 

compatibility is noted between the two voltages. Figure 

11 (c) depicts the level of the q- current component of the 

line current (iq). As it is seen, it sticks oscillating  near its 

zero reference value (iq,ref=0 A). The obtained levels of 

the q-current component confirm that the reactive power 

is neither absorbed nor delivered by the power grid. This 

has been already manifested  by  recording a  unity power 

factor level at the power grid bus, as shown previously in 

Fig.  10 (b). 

As to the performance of the maximum power point 

tracker (MPPT), Fig.  12 (b) shows clearly that the power 

extracted from the PV array is always near the maximum 

PV modules power.  Figure 12(c) depicts the online duty 

cycle values of the pulses supplied to gates of class D 

chopper controlled semiconductors. Such duty cycles 

values are noted to be below 50 % level and this is to 

confirm that class D chopper is always operated in 

quadrant IV (i.e regeneration mode). 

Figure 13 depicts one steady state cycle of the time 

domain waveforms of the grid voltages and the grid line 

currents under minimum and maximum insolation levels, 

under 50 W/m2 and 1000 W/m2 respectively.  It is  

clearly seen that under minimum insolation level, the grid 

phase voltages and grid line currents are in phase. Thus, 

the AC/DC converter is operated in a rectifier mode  and 

the  power factor is equal to one. Similarly, under 

maximum insolation level, the grid phase voltages  and 

grid line currents are out of phase. Hence ,  the AC/DC 

converter is worked in an inverter mode and the power 

factor is  also equal to  one (i.e unity). 

 
Fig 12. Maximum Power Point Tracker Controller  

Performance  a) Pretended In Daily solation Level  b)  PV array 

Power c) Duty Cycle Level of the MPPT controller 
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Fig 13.  Grid Phase Voltages and Grid Line Currents a) Phase 

Voltages  b) Line Currents under Minimum Insolation Level c) 

Line Currents under Maximum Insolation Level 

 

4. Conclusion 

 

An  interconnection of a hybrid energy system consisting 

of a  PV system and a three phase AC power grid  feeding 

a  shunt DC motor with a constant load power through an 

AC/DC converter has been investigated. The proposed 

interconnection  contains a class D chopper besides an 

AC/DC converter.  

The class D chopper performed the job of a maximum 

power point tracker (MPPT) adequately. The Class D 

chopper was controlled by the perturb and observe (P&O) 

control technique.  

The AC/DC converter was controlled by a voltage oriented 

(VOC) controller. The AC/DC converter was able to 

operate in rectifier mode as well as in  inverter mode. The 

voltage oriented controller  (VOC) prevented the AC grid  

from drawing or generating reactive power. Moreover, the  

voltage oriented controller  (VOC)   conditioned the 

quality of the grid line currents to a certain  acceptable 

extent.    Extensive Simulink simulations results had 

demonstrated and validated the satisfactory performance of 

the proposed hybrid energy interconnection.  

 Future work is to confirm or enhance the performance of 

the proposed interconnection by the practical 

implementation of the proposed interconnection.     
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