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 This paper presented the transient and operational behavior of a parallel 

Combination of DC Shunt Motor and IM fed by a photovoltaic generator at 

different solar irradiance levels. The maximum power point of 

current/voltage (I/V) characteristic of the PV generator was achieved for 

different solar intensities, by utilizing an open circuit voltage method.  

The nonlinear operational behavior of (I/V) characteristics of the PV 

generator at various solar intensities and the magnetization curve of the 

ferromagnetic material of the DC shunt motor were both modeled by high 

order polynomial mathematical expressions. The study investigated the 

response of the system at different solar irradiance levels and changing the 

torque loads for both motors and then following step change in solar intensity 

levels with fixed loading torques for both motors. All numerical simulations 

were executed using MATLAB software. 
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1. INTRODUCTION  

The dramatic increase in the world’s population elevates the demand for electricity to comply with 

their numerous different applications. So many researchers have focused recently on this lively concern. 

Additionally, the environmental considerations and many other related issues have boosted the attention and 

the awareness for the use of renewable energy resources for example wind, solar, fuel cells, water power and 

many others as measures for this anticipated critical crisis and deficiency in many countries [1]. Furthermore, 

the overall objective of renewable energy systems is to obtain electricity that is cost competitive and even 

advantageous with respect to other energy sources [2]. 

So the necessity for studying the renewable energy resources like the photovoltaic system 

operational characteristics under various loads (DC and AC) in transient and steady state conditions has 

become crucial in assisting the design and the correct implementation of such systems. 

The simulated stability investigations for standalone photovoltaic energy systems are presented  

[3]-[7]. The simulations are taken for different types of DC motors. Controllers of different types are utilized 

to guarantee the system stability under different loadings and irradiance levels, also and Analysis on the 

Impact of Renewable Energy to Power System Fault Level is presented [8].  

In this paper, the proposed system is an autonomous PV generator for feeding simultaneously DC 

load (DC shunt motor) and AC load (three phase IM) and the stability analysis in the transient and steady 

states are conducted. In this work an open circuit voltage technique is used to track the maximum power 
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point of the PV generator through changing the duty cycle of the DC-DC buck-boost power converter to keep 

the output voltage of DC-DC buck boost converter equal to the value of voltage at maximum power point of 

the I/V characteristic of PV generator at all solar irradiance levels. This paper is organized in the following 

ways: Section 2 presents the configuration and description of the system under study. The numerical 

simulations and discussions are addressed in Section 3 and finally conclusions are presented in Section 4 

 

 

2. SYSTEM CONFIGURATION AND DESCRIPTION 

Figure 1 shows the schematic diagram for the stand-alone PV solar energy system. It is a PV panels 

feeding a parallel combination of loads the DC shunt motor and IM. The PV generator is designed by 

connecting many modules in series and parallel so as to attain the rated values for DC shunt motor and IM. 

DC-DC buck-boost power converter is used as a common stage between PV generating unit and both DC 

shunt motor and IM to force the voltage to the corresponding value related to the MPP at all solar irradiance 

levels by adjusting the duty cycle D. 

 

 

 
 

Figure 1. Schematic diagram for the system under study 

 

 

2.1.  PV generator design and system dynamical model 

This section presents some design characteristics of the PV generator along with its output 

characteristics which are the terminal voltage of the PV generator as function of the output current and the 

corresponding output power at various solar irradiance levels. The mathematical equations representing the 

dynamics of the DC shunt motor, LC filter, Voltage controller and IM are also summarized. 

 

2.1.1.  Photovoltaic design and output characteristics 

The mathematical model of PV array is given by following Equation [9], [10]. 
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)   +      (1) 

 

Where IL is PV array output load current (A), VO is PV array output voltage (V), Ns is Number of series PV 

cell and Np 

Is the Number of parallel PV cells. The PV array output power is given by, 
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The PV solar power plant is designed so that its maximum power ratings at full solar intensity 

comply with the operational ratings of both motors using PV modules made by AVANCIS Company.  

It consists of modules connected in parallel and in series combinations to achieve the desired values for 

current, voltage and power. Here the PV generator has a power of 14.2 kW, an open-circuit voltage of about 
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585.6 V and a short-circuit current of about 36.9A. The voltage and current at MPP are 448.2 V and 31.68 A, 

respectively. It consists of 18 parallel branches and each branch has 9 modules connected in series.  

The voltage and power versus current of the designed PV generator at different solar irradiance levels are 

shown in Figure 2. 

 

 

 
 

Figure 2. (a) PV voltage as function of the output PV current of the designed PV generator at various solar 

irradiance levels and (b) The corresponding output power 
 

 

It can be clearly noted from Figure 2(a), the output PV voltage as function of the current of the PV generator 

is highly nonlinear. It has been approximated using a 10
th

 order polynomial function using MATLAB as [11]: 
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2.1.2.  Dynamical Mathematical Model for DC Shunt Motor 
In DC shunt motor, the field and the armature circuits are connected in parallel. The nonlinear 

dynamical mathematical model of DC shunt motor is [12]:  
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In Equations (7) & (8)    is not a state variable and it varies nonlinearly with the field current of 

the DC shunt motor. It has been approximated using 7
th

 order polynomial as it has been already given in 

Equation (5). The results of the polynomial curve fitting are shown in Figure 3. 

 

 

 
 

Figure 3. The nonlinear polynomial curve fitting of 7th order degree for ferromagnetic material  

 

 

2.1.3.  Dynamical mathematical model for three-phase induction motor 
The nonlinear dynamical mathematical model of squirrel cage three-phase induction motor in 

synchronously rotating d-q reference frame can be summarized as [13]: 
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2.1.4.  Dynamical Mathematical Model for the LC Filter 
Applying KVL& KCL around the loop of the inductance and the capacitance of the filter in the 

system in d-q reference frame yields [13]: 
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2.1.5.  Voltage controller 
As shown in Figure 1, the process of controlling the voltage of the PV generator and thus controlling 

the voltage of the common coupling point is represented by Equation (20) [12]: 

 

  
  

  
 

    

        
          (20) 

 

The DC-DC buck boost converter is a power electronic device used to change the average value of 

the input voltage into higher, equal or lower value. They are used extensively in regulated power supplies, 

electrical motor drive systems and renewable energy resources as an intermediate stage for controlling 

purposes. The output voltage of buck boost converter is controlled by changing the duty cycle D of its switch 

[14]. Duty ratio D is defined as the ratio between the ON mode duration of the switch ton and the total 

switching duration Ts. It runs in the boost mode when D is greater than 0.5 where the average value of the 

output voltage becomes greater than the input voltage. The buck mode takes place if D becomes less than 0.5. 

Mathematically, the output voltage     as function of the input voltage     is given by: 

 

    
 

   
            (21) 

 

The open circuit voltage of the PV generating unit is being measured while the switch of DC-DC 

power converter is in open state. The MPP is sought in the range of 0.73 to 0.8 of its open circuit voltage 

[15].For this paper it has been used as 0.78, the measurement process of the open circuit voltage is [11]: 

 

  
     

  
                       (22) 

 

The inverter is fundamentally a power electronic device that changes DC to AC. The inverter power 

is provided by a DC input source. Inverters find applications in uninterruptible power supply (UPS) systems, 

motor drives and renewable energy systems. Inverters typically use pulse width modulation (PWM) method 

which is a highly developed technique where the width of the gate pulses is controlled by various 

mechanisms to achieve certain purposes [14]. Harmonics in the output voltage of the sinusoidal PWM 

inverters are always there and therefore filters are normally connected across the output terminals of inverters 

to filter those unwanted harmonics. The line to line voltage can be expressed as: 
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 √ 
             (23) 

 

Equations (6–18), (20) and (22) represent the complete nonlinear dynamical mathematical model of 

the proposed system. The nomenclature and the numerical parameters, ratings and specifications are given in 

Appendix A. The constants of the polynomial curves of Equation (3) and (5) are given in Appendix B. 

 

 

3. NUMERICAL SIMULATIONS AND RESULTS 

This section presents the numerical simulations and the results of the system into two different cases 

firstly with full solar intensity, and 50 % of full solar intensity and different loading conditions for both 

motors. Secondly with a fixed load while the solar intensity levels are being step changed. 

 

3.1.  System response at full solar irradiance level and different loading conditions 

Figure 4 shows the system response at full solar intensity as the load torque of the DC shunt motor 

has been step changed from 12 Nm to 10N.m. The resulting field current is 2.046A; the armature current has 

changed as follows 9.834A at load of 12 N.m while at 10N.m is 8.274 A, The DC Shunt motor rotational 

speeds are at 12 N.m is 3563rpm, and 3581 rpm at 10N.m. The DC Shunt motor voltage is 448.5V. Like wise 

the IM load torque has been step changed from 25Nm to 20 Nm. The phase voltage during this step change is 

kept at 138.9V. The stator current is 16.8A at 25 N.m while at 20 Nm is 15.07 A. Meanwhile its rotational 

speed is 1782 rpm at 25N.m, and 1789 rpm at 20Nm.  
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Figure 4. DC Shunt motor voltage, its field current, its armature current and its rotational speed. IM phase 

voltage, IM stator current and IM rotational speed variations after step change in load torque from (12-10) 

N.m for DC Shunt motor and from (25-20) N.m for IM at full irradiance level (a) DC Shunt motor voltage (b) 

DC Shunt motor field current and armature current (c) DC Shunt motor rotational speed (d) IM phase voltage 

(e) IM stator current (f) IM rotational speed 
 

 

Figure 5 illustrates the PV system various quantities during the step change in the load torques at 

full solar intensity. The PV current has changed from 27.06A to 24.99 A, the duty cycle has changed from 

0.49555 to 0.491, and PV terminal voltage has changed from 500V to 509V. The system complex power has 

changed from 13.53 KVA to 12.72 KVA, the IM active power is 5.143 kW at 25 N.m and 5.327 kW at 20 

N.m. Correspondingly the active power of DC Shunt motor is 4.563 kW at 12N.m and 4.629 at 10N.m. The 

system total reactive power has changed from 8.611 to 8.397 (KVAr). 

 

 

 
 

Figure 5. System various values variations after step change for IM load torque from (25-20) N.m and from 

(12-10) for DC Shunt motor at full solar irradiance level (a) PV terminal voltage (b) PV output current (c) 

System duty cycle (d) PV output complex power (e) DC Shunt motor and IM active power (f) System total 

reactive power 
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3.2.  System response at 50% of full solar irradiance level and different loading conditions 

Figure 6 shows the system response at 50% of full irradiance level as the load torque has been step 

changed for the DC shunt motor from 6N.m to 4N.m. The resulting field current is 1.71A. The armature 

current variations are as follows at 6 N.m is 5.266A while at 4N.m is 3.659 A. Meanwhile DC shunt motor 

rotational speed at 6 N.m is 3420 rpm, and 3445 rpm at 4N.m. Correspondingly the DC Shunt motor voltage 

is 412.5V. The IM the load torque has been step changed from 10N.m to 6 N.m. The resulting phase voltage 

is 127.7V, the stator current is as follows at 10 N.m is 14.03A while at 6N.m is 13.96 A. Meanwhile IM and 

rotational speeds are at 10N.m is 1795rpm, and 1797 rpm at 6N.m. 

 

 

 
 

Figure 6. DC Shunt motor voltage, its field current, its armature current and its rotational speed. IM phase 

voltage, IM stator current and IM rotational speed variations after step change in load torque from (6-4) N.m 

for DC Shunt motor and (10-6) N.m for IM at 50% of full irradiance level (a) DC Shunt motor voltage  

(b) DC Shunt motor field current and armature current (c) DC Shunt motor rotational speed (d) IM phase 

voltage (e) IM stator current (f) IM rotational speed 

 

 

 
 

Figure 7. System various values variations after step change for IM load torque from (10-6) N.m and  

from (6-4) for Dc Shunt motor at 50% of full irradiance level (a) PV terminal voltage (b) PV output current 

(c) System duty cycle (d) PV output complex power (e) DC Shunt motor and IM active power(f) System total 

reactive power 
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Figure 7 illustrates the PV system various electrical quantities variations at 50% of full irradiance 

level. The PV current has changed from 20.17 to 18.49A, the duty cycle has also changed from 0.534 to 

0.5202 and its terminal voltage has changed from 385.6V to 416.4V. The system complex power has changed 

from 7.78 KVA to 7.7 KVA. At 10 N.m the IM motor active power is 3.327kW and at 6N.m is 2.833kW. 

Correspondingly the active power of DC Shunt motor 2.877kW at 6 N.m and 2.215 kW at 4N.m load torque. 

The system total reactive power ranges from 4.811 to 5.812 (KVAr). 

 

3.3.  The Response of the system after a successive step changes in solar irradiance levels and a fixed 

load torque of 10N.m for IM and 6 N.m for DC shunt motor 

Figure 8 reveals the response of the system as it has been subjected to a successive step changes in 

solar irradiance levels from the Full irradiance intensity passing into 75% of full irradiance intensity and then 

finally passing through 50% of full irradiance intensity. The DC Shunt Motor voltages during this step 

change are as follows 448.5, 428.2 and 412.5V, respectively. The resulting field currents during this step 

change are 2.046, 1.86 and 1.71A respectively, the resulting armature currents during this step change are 

5.160, 5.212 and 5.266A respectively and meanwhile DC Shunt motor rotational speeds are 3615, 3507 and 

3426 rpm respectively. While the load torque for IM is fixed to 10N.m and 6 N.m for DC Shunt motor.  

The phase voltage for IM is 138.9, 132.6 and 127.7V, respectively, its rotational speed is 1796,  

1795 and 1795rpm, respectively and its stator current is 15.23, 14.56 and 14.04A respectively.  

Figure 9 represents the PV system various values variations as it is subjected to a successive step 

changes in solar irradiance levels. The PV generating unit output terminal voltages are 522.9, 472.8 and 

385.6V, respectively and its output currents are 21.52, 20.76 and 20.18A, respectively. While the duty cycle 

of buck boost converter is step changed in the following fashion 0.4843, 0.4979 and 0.5349, respectively. 

The system complex powers are 11.25, 9.815 and 7.78KVA, respectively and the DC Shunt motor active 

powers are 3.3.32, 3.029 and 2.877 kW, respectively. Correspondingly IM active powers are 3.676, 3.423 

and 3.236 kW, respectively. The system total reactive powers are 8.884, 7.396 and 4.812 (KVAr), 

respectively. 

Figure 10 represents the torque-speed characteristics for the induction motor and the DC shunt 

motor at full irradiance level and a load torque of 25N.m for IM and 12N.m for the DC shunt motor which 

complies strongly as it is compared with the well-known characteristics of the electrical machines operation 

in general (The higher the load torque the lower the speed). 

 

 

 
 

Figure 8. DC Shunt motor voltage, its field current, its armature current and its rotational speed. IM phase 

voltage, IM stator current and IM rotational speed variations after successive step changes of the solar 

irradiance levels from full intensity to 75% to 50% of full intensity and the load torque for IM is fixed to 

10N.m and 6N.m for DC Shunt motor (a) DC Shunt motor voltage (b) DC Shunt motor field current and 

armature current (c) DC Shunt motor rotational speed (d) IM phase voltage (e) IM stator current (f) IM 

rotational speed 
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Figure 9. System various values variations after successive step changes of the solar irradiance levels from 

full intensity to 75% to 50% of full intensity and the load torque for IM is fixed to 10N.m and 6N.m for DC 

Shunt motor (a) System duty cycle (b) PV terminal voltage (c) PV output current (d) PV output complex 

power (e) DC Shunt motor and IM active power (f) System total reactive power 

 

 

 
 

Figure 10. (a) The torque speed characteristics of Induction motor (b) The torque speed characteristics of DC 

shunt motor 
 

 

4. CONCLUSION  

The transient and the operational behavior of a parallel Combination of DC Shunt Motor and IM fed 

by a photovoltaic generator at different solar irradiance levels are presented. The PV generator feeds a 

parallel combination load of DC shunt and IM. The PV generator is designed and connected at a common 

coupling point which in turn feeds the two motors. The integration of the PV generator to the IM is 

accomplished via DC-DC buck-boost switch mode power converter; three-phase inverter and LC filter to 

suppress the inherent harmonics available in the output voltage of the inverter. In addition, the integration of 

the PV generator to the DC Shunt Motor is accomplished through the same DC-DC buck-boost. The DC-DC 

converter is used to maintain constant voltage corresponding for the MPP of PV generator at the common 

coupling point via adjusting its duty cycle. The study comprises the response of the power system after step 

changes in the load coupled to both motors at two solar irradiance levels and after successive step changes in 

the solar intensity with constant motor loading conditions. It is concluded that the DC-DC converter runs all 

the time in buck-boost (step-down and step up) modes and the proposed power system can run steadily at 
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wide range of solar intensity levels and motors loading conditions with common coupling point voltage very 

close to the nominal maximum power point. Moreover, the output power from the PV generator has widely 

changed in accordance to the level of solar intensity. In all cases, it is found that the power consumed by both 

motors is equal to the total power generated by the PV generator. Basically, as the mechanical load coupled 

to both motors increases, the rotational speed of the motor decreases and the stator and the armature currents 

rise. As a general conclusion, the proposed standalone power system can withstand step changes in the load 

coupled to the motors and step changes in the solar irradiance levels which indicates the robustness and 

proves the reliability of the integration between the different system components. 

 

 

Appendix A 

Table A1. Nomenclature 
Variable Explanation Variable Explanation 

  Duty cycle of buck boost converter   

  Capacitance of the LC filter     Induction motor stator resistance 

   &    D&Q axis components of the voltage across the 

capacitors, respectively 
     Induction motor stator inductance 

        D&Q axis components of inverter output current, 

respectively 
    Induction motor mutual inductance between its 

stator and rotor windings 

  Inductance of the LC filter     Induction motor rotor resistance 

    Delta angle of the voltage injected by the PV 
generator 

    Induction motor rotor inductance 

        D&Q axis components of the capacitors current, 

respectively 
      D-axis component of induction motor stator current 

   Synchronous radian frequency      Q-axis component of induction motor stator current 

   DC Shunt motor Field inductance      D-axis component of induction motor rotor current 

    DC Shunt motor rotor speed      Q-axis component of induction motor rotor current 

      Induction motor rotor speed    Number of poles for induction motor 

   DC Shunt motor armature resistance   Rotor mechanical friction for induction motor 

        DC Shunt motor Field plus the adjusted resistance    Moment of inertia of induction motor rotor and the 

load 

   DC Shunt motor armature inductance      The set voltage  

    DC Shunt motor Field current    Controller time constants 

   DC Shunt motor Armature current    Photovoltaic 

   DC Shunt motor flux     Maximum Power Point for photovoltaic array 

   DC Shunt motor Load torque     Open circuit Voltage for photovoltaic array 

  Moment of inertia of DC Shunt motor rotor and the 

load 
    Short circuit current for photovoltaic array 

    Induction motor Load torque      Voltage at MPP for photovoltaic array 

     D-axis component of induction motor stator 

voltage 
     Current at MPP for photovoltaic array 

     Q-axis component of induction motor stator 
voltage 

    Photovoltaic array output current 

      D-axis component of induction motor rotor voltage    Induction motor 

      Q-axis component of induction motor rotor voltage    Inverter modulation index 

     Q-axis component of induction motor stator current    Reverse saturation current of the diode 

     D-axis component of induction motor rotor current   Electron charge = 1.6 * 10-19 Coulombs 

     Q-axis component of induction motor rotor current   Ideality factor 

   Number of poles for induction motor   Boltzmann constant = 1.38 * 10–23 Joule/°K 

  Rotor mechanical friction for induction motor   Temperature on absolute scale °K 

   Moment of inertia of induction motor rotor and the 

load 
   Rotor angle of the Induction motor 

     Q-axis component of induction motor stator current    Inverter and DC shunt motor input voltage 

     D-axis component of induction motor rotor current    PV array output voltage 

     Q-axis component of induction motor rotor current   PV cell exposed area 

   Number of poles for induction motor     Light generated current 

  Rotor mechanical friction for induction motor        The open circuit voltage of PV generator 

   Moment of inertia of induction motor rotor and the 

load 
    PV system terminal voltage 

     Q-axis component of induction motor stator current     Inverter phase voltage 

     D-axis component of induction motor rotor current     Induction motor stator resistance 

     Q-axis component of induction motor rotor current      Induction motor stator inductance 

   Number of poles for induction motor     Induction motor mutual inductance between its 
stator and rotor windings 

  Rotor mechanical friction for induction motor     Induction motor rotor resistance 

   Moment of inertia of induction motor rotor and the 

load 
    Induction motor rotor inductance 

     Q-axis component of induction motor stator current       D-axis component of induction motor stator current 
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Numerical System Parameters, ratings and specifications for the system: 

Parameters of the DC machine used as DC Shunt Motor: 
LF = 22 mH, RF + Radj = 220 − 250 Ω, V =450 V, LA =11.2mH, RA = 1.5 Ω, J = 0.55 kg/m2 

Parameters of the induction machine used as motor: 6kW, 230/400V, 20/11A, 60 Hz, 1800 rpm, four 

poles, Rsm= 4.2Ω, Rrm= 1.99Ω, Lmm = 0.1600mH, B = 0.2985, Pm = 4, Lrm = 0.99 mH, Lsm=0.1700 mH, 

and J = 0. 80kg/m
2
   

Parameters of the LC filter: L=0.1e-3H, C=10µF. 

Parameters of the Buck boost converter: C=350рF, L=12µH, Switching Frequency (FS) =120 kHz. 

Controller time constant TM: 0.001 second. 

Parameters of inverter: Nominal DC Voltage 450V, DC Power Rating 8kW, AC Power Rating 8kW. 

  = 0.8. 
 

 

Appendix B 

Table B1. The polynomial’s Constants for approximating the output characteristics of the PV generator for 

the used three solar irradiance levels 

 

Constants Full solar Intensity 75% of full solar intensity 50% of full solar intensity 

α1 - 0.0000000008636537367 - 0.00000001464237916 - 0.0000001313533287 

α2 +0.0000001503117164 + 0.000001911287808 + 0.00001371656958 

α3 -0.00001112257413 - 0.0001060717729 - 0.0006089887028 
α4 +0.0004561386739 + 0.003262516209 + 0.01498483873 

α5 - 0.01132890112 - 0.0607721823 - 0.2233028234 

α6 0.1748581015 + 0.7034999455 + 2.067966206 
α7 - 1.655448487 - 4.995227176 - 11.74693594 

α8 + 9.129147526 + 20.66003541 38.86783987 

α9 -26.33237834 - 44.69430476 - 67.26691591 
α10 + 29.73343113 37.85021854 + 45.57300947 

α11 + 577.6724652 551.5263838 + 531.2459074 

 

 

Table B2. The polynomial’s Constants for approximating the output characteristics of the magnetization 

curve of ferromagnetic material of DC Shunt Motor characteristics. 
 

Constants of the polynomials that approximate the magnetization curve for 

ferromagnetic material of DC Shunt Motor 

α1 -0.000000000000000000000945 

α2 0.000000000000000009999 

α3 -0.00000999999999 
α4 0.444444445555555 

α5 -0.55555552 
α6 -0.3094 

α7 +1.1283 

α8 +0.005 
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