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This paper presents performance optimization of model predictive torque control (MPTC) 

fed permanent magnet synchronous machine (PMSM) drives based on photo-voltaic (PV) 

systems. The inaccurate selection of proportional-integral (PI) speed controller parameters 

used in MPTC can deteriorate the dynamic response of the drive. These parameters have 

been optimized using PI and a rigid nature-inspired salp swarm algorithm (PI-SSA), and 

accordingly, the system stability has improved. The precise selection of the boost dc-dc 

converter's duty period contributes to maximizing the extracted power and increases the 

efficiency of the PV arrays during variations in solar radiation. The particle swarm 

optimization-based maximum power point tracking (PSO-MPPT) has been applied to 

optimize the performance of the DC power converter fed by a two-diode PV array model. 

The PI controller and PI-based gray wolf optimization (PI-GWO) controller performances 

have been evaluated by comparison with the suggested approach. The MATLAB 

simulation results revealed that the suggested method provides robustness to variations in 

speed and torque commands, improving the settling time, rise time, and overshoot dynamic 

response of the system, while also increasing system efficiency by mitigating motor current 

total harmonic distortion (THD).  
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1. INTRODUCTION

The issues of climate changes, the absence of electricity in 

rural areas, and rising fossil fuel prices have encouraged 

consumers to use alternative energy sources for electricity 

generation. Solar photovoltaic (PV) is considered one of the 

fastest-growing renewable energy sources due to its increased 

efficiency, scalability, modularity, and silent operation [1]. 

Water purifying and pumping systems are vital and cost-

effective applications for PV systems, especially in off-grid 

conditions and remote regions. Furthermore, diesel pump fuel 

costs and regular maintenance are two to four times higher 

than those of PV water pump systems [2]. These pumps 

depend highly on the control strategies of the electric motors 

to adjust the discharge rate. PMSMs have been widely used 

in PV water pumping systems for their inherent high 

efficiency, higher power density, excellent torque density, 

best power factor, and compact size [3, 4]. 

There are two most popular high-dynamic performance 

control methods of PMSMs, which are called vector 

controlled (VC) [5] and direct torque control (DTC) [6]. The 

problem with the Field Oriented Control (FOC) is the 

difficulty of tuning gains contained in the cascaded control 

loops. The dynamic torque response of the FOC is slower 

than that of the DTC [7]. However, the DTC suffers from 

using bang-bang hysteresis controller of flux and torque 

loops, leading to increased electromagnetic torque and flux 

ripples that generate audible noise and vibrations, 

deteriorating the motor performance accordingly [8]. These 

defects have been avoided by combining DTC with space 

vector modulation (DTC-SVM), but with increased system 

complexity [9]. On the other hand, model predictives torque 

control (MPTC) has been proposed as an ideal alternative 

modern control technique to classical FOC and DTC because 

of its simplicity in structure and implementation [10]. 

Moreover, the inner proportional-integral (PI) regulator of 

the torque and current loop has been removed in the MPTC 

to improves the transients response of the control systems.  

The cascaded structure of predictive control for induction 

motors has been utilized to improve the transient behavior of 

the outer speed loop [11]. However, the realization of this 

method is complicated since the sampling times used for the 

outer speed loop are tenfold larger than in the inner torque 

and current loop, which leads to a high calculation time. In 

the study by Belda and Vošmik [12], the speed and position 

of the PMSM have been controlled using generalized 

predictive control (GPC). The control method introduced an 

excellent transient response, but with a computational 

burden. Three prediction horizons for the direct speed control 

based on the predictive model technique have been 

implemented to overcome some limitations in electrical and 

mechanical time constants [13]. However, this method takes 
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a long time to complete calculations, which can be a 

drawback. Therefore, one prediction horizon has been 

presented to minimize the calculation burden for the 

predicted speed control strategy and increase the weight 

factor used in the design of the cost functions [14]. These 

weighting factor need tuning by trial/error, which is a hard-

working method. A comparative study of speed control loop 

optimization algorithms for vector-controlled PMSM reveals 

that the system dynamic performances can be improved 

through metaheuristic optimization tools [15]. However, a 

simplified model of PMSM based on a transfer function has 

been used instead of a detailed PMSM model, which would 

reduce the accuracy of the dynamic response.  

In this work, an approach to improves and optimizes the 

dynamic performance of the MPTC for PMSM drives fed PV 

water pumping system using a proportional-integral-based 

salp swarm algorithm (PI-SSA). The robust SSA has been 

applied to fine-tune and parameter optimization of the PI 

speed loop. Furthermore, the efficiency of the PV array with 

two diode models has been enhanced using particle swarm 

optimization combined with maximum power point tracking 

(PSO-MPPT). 

The rests of this article is arranged as following. Section 

Two introduces a complete description of the proposed 

control structure and mathematical models of their elements. 

The MATLAB simulation results of the proposed PI-SSA 

controller and the performance evaluation with the traditional 

PI and PI optimized by grey wolf optimizer (PI-GWO) 

controllers are presented in Section Three. In Section Four, 

the concluded remarks are drawn. 

 

 

2. DESCRIPTION AND MODELING OF THE 

PROPOSED SYSTEM 

 

The complete description for the proposed robust speed 

controller for MPTC of PMSM drive-based PV water 

pumping system is shown in Figure 1. 

 

 
 

Figure 1. Block diagram of the proposed optimized MPTC of PMSM drives 

 

This system comprises (from left to right) a PV array, an 

input capacitor Cpv, a boost dc-dc converters controlled by 

PSO-MPPT, a three-phase 2-level pulse width modulation 

(2L-PWM) inverter, an output capacitor Cdc, also called a dc-

link capacitor, and PMSM mechanically connected with a 

centrifugal water pump. The electrical power is generated 

when the PV array is exposed to sufficient solar radiation. 

The dc-link of the VSI utilizes the electrical power generated 

and converts it into controlled electrical power to supply the 

PMSM with suitable power.  

The flow of water in the water pumping system is 

controlled by adjusting the speed of the PMSM. The input 

and output capacitors are used to mitigate ripples in the 

current drawn by the converters and overcome the inherent 

nonlinearity effects of PV modules. However, the output 

capacitor selection is more critical than the input capacitor 

because the boost converter utilizes an inductor in series at 

the input, contributing to reducing ripples. 

The power of the single PV module is usually smaller than 

the required power for supplying the PMSM with sufficient 

power. Therefore, a series / parallel combination of PV 

modules is arranged to form a PV array capable of supplying 

the PMSM with the appropriate power. 

 

2.1 Modeling and design of PV array 

 

The two-diode model has been used in modeling the PV 

module to enhances the accuracy and reliabilities of the 

simulation results by considering the recombination loss in 

this model as compared with the single-diode model [16]. 

Figure 2 shows a schematic representation of the two-diode 

PV module. The utilized PV array has three series-connected 

250 W PV modules to increase the output voltage fed to the 

boost dc-dc converter and two 250W PV modules parallel 

connected to amplify the output current. However, the total 

PV array power capacity of 1250 kW exceeds the PMSM 

power to accommodate the motors and the two converters' 

electrical and mechanical losses. Therefore, the output 
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currents of the PV arrays can be given as [16, 17]: 
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where, Iph, Isat1, Isat2, and Ipv, are photocurrent, diode-reverse 

saturation current by diode one and diode two that represent 

recombination loss in the depletion region, and the array 

output current, respectively; Vpv, q, k, and T, are the array 

output voltage, electron charges ( 1.6 × 10−19 C) , 

Boltzmann's ( 1.38 × 10−23 J/K) , and cell temperature, 

respectively; A1, A2, Nsc, Nsm, and Npm are the diode one and 

diode two ideality factors, and the number for series cells 

connected in a module, the number of series and parallel 

modules connecting in an array, respectively; Rp, and Rs are 

the parallel / series module resistances, respectively. The 

specifications of the PV module model are SPR-X2-250-

BLK manufactured by SunPower, and the designed PV array 

is given in Table 1. 

 

 
 

Figure 2. Equivalent two-diode circuit of PV module 

 

Table 1. Parameters for PV module and array 

 
PV Module  PV Array 

Parameters Values Parameters Values 

Max power (1000 W/m2, 25℃), 𝑃𝑚𝑎𝑥 250 W Max power array power, 𝑃𝑚𝑎𝑥𝑎𝑟𝑟 1250 W 

Voltage at open circuit, 𝑉𝑜𝑐 50.93 V Open circuit array voltage, 𝑉𝑜𝑐𝑎𝑟𝑟 152.7 V 

Current at short circuit, 𝐼𝑠𝑐 6.2 A Short circuit array current, 𝐼𝑠𝑐𝑎𝑟𝑟 12.4 A 

Voltage at max. power, 𝑉𝑚𝑝 42.8 V Max power array voltage, 𝑉𝑚𝑝𝑎𝑟𝑟 128.4 V 

Current max. power, 𝐼𝑚𝑝 5.84 A Max power array current, 𝐼𝑚𝑝𝑎𝑟𝑟 11.68 A 

The temperature constant of 𝑉𝑜𝑐, 𝐾𝑣 -0.291 V/℃ No. PV modules required, 𝑁 5 

The temperature constant of 𝐼𝑠𝑐, 𝐾𝑖 0.013306 A/℃ No. series-connected module, 𝑁𝑠𝑚 3 

No. of series-connected cells, 𝑁𝑠𝑐 72 
No. parallel- connected modules, 

𝑁𝑝𝑚 
2 

 

2.2 Modeling and design of a boost dc-dc converter 

 

The boost dc-dc converters provide a voltage at the output 

greater than the input for supplying a PV solar water pump 

with sufficient voltage and max. power extraction from the 

PV array under variable radiation conditions. The duty cycle 

of this converter’s at steady state conditions can be expressed 

by Eq. (3) [18]. 

 

 (3) 

 

where, 𝑉 𝑑𝑐 is the inverter side voltage, 𝑉 𝑝𝑣 is the voltage at 

the PV side, and 𝐷 is the duty cycle of the boost converter. 

The estimated values of the inductor and the capacitor of the 

boost converter under continuous conduction mode (CCM) 

operation can be given by the following equations [19]:  
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The 𝑓𝑠𝑤  is switching frequency (12 kHz), 𝛥𝐼𝐿  is the 

estimated maximum amplitude of the current ripple at the 

inductor terminals of (20%), 𝛥𝑉𝑜 is the peak voltage ripple at 

the output capacitor of (1%). The design parameters of the 

boost dc-dc converter are reported in Table 2. 

 

Table 2. Parameters of boost dc-dc converter 

 
Parameters Values 

Boost inductor, 𝐿𝑏𝑜𝑜𝑠𝑡 2 mH 

Boost capacitor, 𝐶𝑏𝑜𝑜𝑠𝑡 150 µF 

Switching frequency (IGBT), 𝑓𝑠𝑤  12 kHz 

Capacitor at the PV side, 𝐶𝑝𝑣 16 µF 

dc-link capacitor at the inverter side, 𝐶𝑑𝑐 63 µF 

 

The input capacitor ensures that the dc-dc boost converter 

will operate efficiently at the max. power point and reduce 

ripple in the PV arrays voltage output. This capacitor can be 

calculated as [20]:  
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where, 𝛥𝑉𝑝𝑣 is the ripple of the output voltage from the PV

array measured at the PV capacitor side (1% typical value). 

2.3 PSO-MPPT controlled boost dc-dc converter 

The PSO-MPPT efficiently enhances the operation of the 

boost dc-dc converter by maximizing the extraction of power 

capability from the PV modules at variable solar radiation. 

The PSO is an intelligent, metaheuristic evolutionary search 

algorithm that efficiently computes local and global MPPT. 

The particles, also called a swarm of the PSO algorithm, 

represent candidate solutions. Therefore, the best position 

Pbest of these particles is affected by neighborhood particles, 

and all the particles find the best solution Gbest in the entire 

population. The position of particles has been computed as 

follows [21]:  

1 1t t t

i i ix x + += + (7) 

Also, the velocity of particles has been computed as: 

( ) ( )1

1 1 2 2

t t t t

i i best i i best iw c r P x c r G x + = + − + − (8) 

1, 2 , pi n= 

where, 𝑤, 𝑐1, 𝑐2, 𝑟1, 𝑟2, 𝑡, and 𝑛𝑝 are weight constant inertia,

accelerations coefficient, distributed random numbers 

uniformly between zeros and ones, the iteration current 

positions, and the number of particles, respectively. The 

initial PSO algorithm parameters have been depicted in Table 

3. 

Table 3. Parameters of PSO 

Parameters Values 

Inertia weight constant, w 0.9 

Acceleration coefficient, c1 0.8 

Acceleration coefficient, c2 1.9 

Random numbers, r1, r2 [0,1] 

No. of particles, np 25 

The actual duty period of the boost dc-dc converter will be 

represented as the particle's position, while the velocity has 

been considered as the perturbations of the current duty 

period. Then, Eq. (7) can be written as follows [21]:  

1 1t t t

i i iD D + += + (9) 

The objective functions of the PSO are defined as: 

( ) ( )1t t

i iP D P D − (10) 

The PSO will start optimization steps by computing three 

different duty periods, 𝐷𝑖(𝑖 = 1,2,3)  that represented three

particles, then transmitted into the dc-dc boost converter. 

2.4 Modeling and design of the dc-link side 

The value of the capacitor at the dc-link side is estimated 

from energy conservation relations as [21]: 

( )2 2
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dc dc

S t
C

V V


=

−
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where, 𝑆, 𝛾𝑉𝑆𝐼 , 𝑡, 𝑉𝑑𝑐,𝑚𝑖𝑛 , and 𝑉𝑑𝑐,𝑚𝑎𝑥  are the inverter kVA

rating, the safety factor for overloading the inverter, the time 

duration to restore the minimum dc-link voltage, and the 

minimum, as well as maximum values of the dc-link voltage, 

respectively.  

The accurate selection of dc bus voltage is crucial to 

maintain the VSI operating within the proper limits, and this 

voltage should be greater than the double peak phase voltage 

of the motor. The relationships between dc-bus voltage and 

ac line-to-line voltage in a PWM inverter can be expressed as 

[22]: 

,2 2

3

ac LL

dc

V
V

M
= (12) 

where, 𝑉𝑎𝑐,𝐿𝐿  and 𝑀  are the ac line-to-line voltage and

modulation index under normal or overmodulation operation 

conditions, respectively. 

2.5 Dynamic modeling of PMSM 

The derivation of the mathematical model for the motor 

can be simplified by assuming that the saturation is canceled, 

the back electromotive forces (emfs) is sinusoidal, and eddy 

current and hysteresis losses are negligible. According to 

these assumptions, the continuous-time dynamic model can 

be obtained using synchronous rotating reference frame 

transformation of the electrical and mechanical subsystems. 

The electrical subsystem in the d-q axis voltage equation can 

be described as [23, 24]: 

ds

ds s ds ds e qs qs

di
v R i L L i

dt
= + − (13) 

( )
qs

qs s qs qs e ds ds PM

di
v R i L L i

dt
 = + + + (14) 

where, 𝑣𝑑𝑠 , 𝑣𝑞𝑠 denotes the d-q axis of the stator voltages in

the synchronously rotating frame, 𝑖𝑑𝑠, 𝑖𝑞𝑠  represent the d-q

axis of the stator currents in the synchronously rotating 

reference frame, 𝑅𝑠 is the stator resistance, 𝐿𝑑𝑠 ,  𝐿𝑞𝑠 are the d-

q axis stator winding inductances, 𝜆𝑃𝑀  is the flux linkage

produced by permanent magnets in the rotor, and 𝜔𝑒  is the

rotor's electrical angular speed, respectively. The 

instantaneous electromagnetic torque can be given as [24]: 

( )3 / 2e qs PM ds qs dsT Pi L L i = + −  (15) 

The d-q axis inductances of the surface-mounted PMSM 

are equal to each other because of a uniform air gap (i.e., 

𝐿𝑑𝑠  =  𝐿𝑞𝑠  =  𝐿𝑠) . Thus, the equation of torque can be

simplified to: 

3 / 2e qs PM t qsT Pi k i= = (16) 

where, 𝑘𝑡  is the motor torque constant. The flux linkage of
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the stator can be defined as: 

ds ds ds PML i = + (17) 

qs qs qsL i = (18) 

( ) ( )
22

s ds qs  = + (19) 

The mechanical speed subsystem can be expressed as [23]: 

( )
1

m e l mT T B dt
J

 = − − (20) 

where, 𝑃  is the pole pairs, 𝑇𝑙  is the load torque, 𝜔𝑚  is the

mechanical rotational speed of rotor, 𝐽 is the shaft inertia, and 

𝐵 is the damping constant, respectively. The rotor electrical 

angular speed is related to the rotor mechanical angular speed 

by 𝜔𝑒 = 𝑃𝜔𝑚  [25]. The MPTC is based on predicting the

next value of motor torque and stator currents in the next 

sampling time using a discrete-times model. Therefore, the 

Euler-forward discretization method can be used to develop a 

mathematical model in discrete time of the Eqs. (13) and 

(14), and Eq. (16) at the time (𝑘 + 1) as follows [26, 27]:  
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( 1) 3 ( 1) / 2e PM qsT k P i k+ = + (23) 

where, 𝑇𝑠 is the sampling interval.

The torque and flux of the PMSM are considered as the 

control objectives of the cost functions, which is expressed as 

follows:  

* *( 1) || ( 1)c e e f s sF T T k k  = − + +  − + (24) 

where, 𝜆𝑓  is the weighting factor of the torque and flux

control objectives. 

2.6 Modeling and design of the centrifugal pump 

The centrifugal pump is optimum for continuous duty 

applications rather than the volumetric pump because it can 

extract the max. available power of the PV array even at low 

solar radiation levels, and the load line is near the max. 

power point (MPP) line [28]. The load model is usually 

expressed as load torque applied to the motor shaft. However, 

the relationship between motor speed and load torque in 

water pumps is nonlinear. Therefore, the load torque is 

proportional directly to the square of the rotor mechanical 

angular speed as follows [29]: 

2

l wp mT K = (25) 

where, 𝐾 𝑤𝑝  is the constant of the water pump that is

calculated as [30]:  

3

m

wp

m

P
K


= (26) 

2.7 The 2L-PWM inverter mathematical model 

The 2L-PWM inverter is one of the most commonly used 

converters for motor drives due to its availability in markets, 

simple structure, and high dynamic performance. This 

converter can produce six active and two non-active voltage 

vectors. The inverter voltage output vectors in the stationary 

reference frame are computed from the dc-link voltage (Vdc) 

and the switchings signals (𝑆𝑎, 𝑆𝑏, and 𝑆𝑐) as follows [12]:

( )* 2
3

dc

a b c

V
v S S S = − − (27) 

( )3 cv S = − (28) 

3. PROPOSED CONTROL OF THE SYSTEM

This section will use the proposed robust nature-inspired 

intelligent PI-SSA to optimize the PI speed controller. The 

PI-SSA controller and the objective function are modeled and 

simulated in MATLAB software and then applied to MPTC-

fed three-phase surface-mounted PMSM drives. The results 

are compared with a classical PI speed controller and 

PI-GWO. A brief description of the proposed PI-SSA 

optimization algorithms is presented in the following 

subsections. 

3.1 PI-SSA speed controller 

The salp swarm algorithm (SSA) was invented by Mirjalili 

et al. to solve extensive computational real-world 

optimization problems in the presence of unknown spaces 

accurately at the fastest convergence speed [31]. The 

behavior of the salps in the water is similar to that of the 

leader responsible for guiding the followers of the swarm 

group. The updated position of the leader can be written as: 

( )( )
( )( )

1 2 31

1 2 3

( ) 0.4
( 1)

( ) 0.4

Tn n n n

n

Tn n n n

P t c c ub lb lb c
P t

P t c c ub lb lb c

 + − + 
+ = 

− − + 

(29) 

where, 𝑃𝑛
1  represent the position of the leader in the nth

dimension, 𝑃𝑇𝑛  is the position of the target in the nth

dimension, 𝑢𝑏𝑛 is the upper bound of the nth dimension, 𝑙𝑏𝑛

stands for the lower bound of the nth dimension, 𝑐2 and 𝑐3

are uniformly random numbers of [0,1]. The exploration and 

exploitation are balanced in the SSA using the coefficient 𝑐1,

which is formulated as follows: 
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where, 𝑚 is the present iteration, 𝑀 is the maximum allowed 

number of iterations. 

The follower's position is updated using Newton's law of 

motion and can be written as: 

( )1( 1) 0.5i i i

n n nP t P P−+ = + (31) 

The pseudo-code for the SSA algorithm is shown in Figure 

3. 

 

 

 

 

 

 

 

 

Figure 3. Pseudo-code for the SSA algorithm 

The MPTC suffers from unsatisfactory dynamic 

performance of the PI speed controller loop due to 

conventional tuning methods of the controller parameters, 

such as trial and error, Ziegler-Nichols (ZN), Cohen-Coon 

(CC) approaches. However, these tuning techniques cannot

present the rigorous level of control required presently.

Therefore, the SSA algorithm will minimize the targeted

function and produce the best values of the PI speed

controller parameters. The PI speed controller overshoots,

oscillations, and settling time can be highly minimized by

considering the performance index integral of the time-

weighted absolute error (ITAE) as an objective function. The

performance index formula of ITAE is as follows:

0
ITAE | ( ) |

st

e t t dt=  (32) 

where, 𝑒(𝑡) is the difference between the controlled variable 

and the set point, and 𝑡𝑆 is the time. The PI speed controller

can be mathematically expressed as: 

*

0
( )

st

r p i rT k e k k e dt= +  (33) 

where, 𝑒𝑟 is the motor speed error 𝑘𝑖 and 𝑘𝑝 are the integral

and proportional gains, respectively. 

4. SIMULATED RESULTS AND DISCUSSION

This section addresses MATLAB simulation-based results 

and analysis of the proposed improved MPTC of PMSM 

drives for PV water pumping systems. The proposed PI-SSA 

controller's effectiveness is validated by comparison with two 

controllers under variable motor speed and PV operating 

conditions. The main parameters of the PMSM and water 

pump are listed in Table 4. 

Table 4. Design parameters of SPMSM and water pump set 

Parameters Values 

Rated power, 𝑃𝑟 1100 W 

Rated torque, 𝑇𝑟 3.5 Nm 

Number of poles, 𝑃 2 

Rated speed, 𝜔𝑚 3000 rpm(314.16 rad/s) 

Stator resistance, 𝑅𝑠 2.41 Ω 

Stator winding inductances, 𝐿𝑠 8.5 mH 

Rotor flux linkage, 𝜆𝑚 0.2456 V/(rad-s) 

Moment of inertia, J 0.003041 kg.m2 

Damping constant, 𝐵 0.00073 kg.m/s2 

Water pump constant, 𝐾𝑤 2.7*10-4 Nm/(rad-s)2 

The convergence curve has been used to evaluate the 

effectiveness of the proposed algorithms and compare them 

against other metaheuristic methods. Figure 4 compares the 

convergence curves of the proposed SSA and GWO using 

ITAE as an objective function for 250 iterations. The results 

clearly shows that the proposed SSA required 182 iterations 

to attain the fitness value of 22.5×10-4 compared to GWO. 

Figure 4. Convergence curve of SSA and GWO metaheuristic optimization techniques 

1: Initialize randomly the salps swarm, search agent no., archive size, 
and maximum iteration   

2: while (end conditions is not satisfied) Do 

3:   Find the initial values of kp and ki in each salp  

4:  Set 𝑃𝑇 as the best salp position

5:  Update 𝑐1from Eq.(30) 

6:  for each salps in (𝑥𝑗) do 

7:    if  (𝑖 == 1) then 

8:    Update the position of the leader salp using Eq.(29) 
9:    else 

10:  Update the positions followers of salp using Eq.(31) 

11:      end if  

12:  end for 

13:  check and return the salps at high and low limits of variables 

are not met  

14:        Compute the optimize values of kp and ki  using search salp 𝑃𝑇

15:     end while

16: return the target position 𝑃𝑇 to best solution
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The GWO algorithm parameters used in the simulation are 

listed in Table 5. 

Table 5. Parameters of GWO algorithm 

Parameters Values 

Population size, N 18 

Maximum iterations, Maxiter 350 

Number of variables, a 2 

Upper bound, ub 1 

Lower bound, lb 0 

The tuning procedures of the PI speed controller were 

conducted using traditional ZN, GWO, and the proposed 

SSA algorithm. The Kp and Ki gains after the tuning process 

are depicted in Table 6. 

Table 7 presents a comparison of PI, PI-GWO, and 

proposed PI-SSA controllers dynamic performance in terms 

of rise time, settling time, overshoot, and undershoot based 

on ITAE as an error minimization method. It can be seen 

from Table 6 that the proposed PI-SSA introduced the best 

dynamic response with the fastest rise time, best settling 

time, and the least percentage of overshoot and undershoot at 

three different motor speeds compared to PI and PI-GWO 

controllers. 

Table 6. ZN, GWO, and SSA PI speed controller parameters 

Parameters ZN GWO SSA 

KP 2.0351 1.8258 1.9475 

KI 0.8643 0.7984 0.7157 

Table 7. Performance indices of PI, PI-GWO, and proposed PI-SSA controllers under different motor speeds 

Speed 
Control 

Technique 

Rise 

Time 

(ms) 

Settling 

Time 

(ms) 

Oversho

ot (%) 

Undershoot 

(%) 

500 rpm 

PI 0.973 7.746 38.281 16.889 

PI-GWO 0.796 2.491 9.840 7.369 

PI-SSA 0.767 1.542 5.763 4.972 

1000 rpm 

PI 1.661 11.944 22.492 10.339 

PI-GWO 1.339 3.417 3.943 4.347 

PI-SSA 1.281 2.878 2.758 2.216 

2000 rpm 

PI 1.557 10.548 18.452 7.885 

PI-GWO 1.262 2.546 3.351 3.205 

PI-SSA 1.168 1.988 1.831 2.198 

The power versus voltage of the PV module with the 

corresponding current and voltage characteristics at 1000 

w/m2 and 800w/m2 solar irradiation are illustrated in Figures 

5 and 6, respectively. The power versus voltage and short 

circuit current versus voltage of the PV module are identical 

to the data given in Table 1. This process will confirm that 

the generated power by the PV module is similar to that of a 

real module. 

Figure 7 shows the motor speed response to a step-change 

in reference speed when the motor speed instantly increases 

from 0-500 rpm at a time range of 0-0.2 s, followed by an 

increase in speed from 500-1000 rpm at a time range of 0.2 s-

0.4 s, and finally by the rise in the speed from1000-2000 rpm 

at a time range of 0.4 s-0.6 s with a rated load torque of 3.5 

Nm. The step change in the motor speed is considered the 

pumping system's actual performance when the water flow 

rate is not constant. The steady and dynamic state responses 

of the proposed PI-SSA controller are verified by comparing 

their results with those of the PI and PI-GWO controllers. 

The proposed PI-SSA controller improves the rise time by 

21.17%, 3.64% at 500 rpm, 22.81%, 4.33% at 1000 rpm, and 

24.93%, 7.44% at 2000 rpm over PI and GWO-PI controllers. 

Furthermore, the settling time increased by 80.1%, 38.1% at 

500 rpm, 75.91%, 15.77% at 1000 rpm, and 81.15%, 21.91% 

at 2000 rpm over PI and PI-GWO controllers. Also, the 

overshoots were enhanced by 84.94%, 41.43% at 500 rpm, 

87.73%, 30.14% at 1000 rpm, and 90.17%, 45.35% at 2000 

rpm over PI and PI-GWO controllers. Finally, the undershot 

improvement of 70.53%, 32.52% at 500 rpm, 78.57%, 

49.02% at 1000 rpm, and 72.12%, 31.42% at 2000 rpm over 

PI and PI-GWO controllers. The superior transient 

performance of rise time, settling time, overshot, and 

undershot at different operation conditions is due to the 

inherent robustness and stability of the proposed technique. 

Figure 5. Typical power-voltage curve of the PV module 
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Figure 6. Typical current-voltage curve of the PV module 

Figure 7. Motor speed response to three-step changes in reference speed 

Figure 8. Three-phase motor current waveforms at a three-steps change in motor speeds and rated load torques 

Furthermore, the corresponding three-phase motor current 

waveforms at motor speeds (500 rpm,1000 rpm, and 2000 

rpm) are observed in Figure 8. It is evident that the PI, PI-

GWO, and proposed PI-SSA controllers generate similar 

sinusoidal stator current waveforms at steady state 

conditions, but when using fast fourier transform (FFT) on 

these waveforms, the proposed PI-SSA has the lowest line 

current total harmonic distortion (THDi) factor and smallest 

line current disturbance during a sudden change in motor 

speed at 0.2s and 0.4s. The THDi of the motor line currents 

are depicted in Table 8. The average value of THDi was 

15.55% using a conventional PI controller which led to 

producing high harmonic contents but using the PI-GWO this 

value was reduced to 7.7% which can be considered as a 

relative improvement and the best performance among all 

controllers comes when using the PI-SSA controller where 

the THDi was 19.4% improved over conventional PI 

controller which indicates more sinusoidal smoother motor 
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currents. 

Table 8. THDi of three-phase motor currents 

Phase A Phase B Phase C 

THDi (PI) 
15.38% 15.41% 15.87% 

15.55% Avg. 

THDi (PI-GWO) 
14.21% 14.74% 14.11% 

14.35% Avg. 

THDi (PI-SSA) 
12.96% 12.39% 12.24% 

12.53% Avg. 

The dynamic response of the electromagnetic torque at 

motor speeds (500 rpm, 1000 rpm, and 2000 rpm) and 3.5 

Nm rated load torque is shown in Figure 9. It is clear from 

the results that when the motor speed changes from 500 rpm 

to 1000 rpm at 0.2 s, then increases to 2000 rpm at 0.4 s, the 

proposed PI-SSA controller performs better than the PI 

controller and the PI-GWO controller. 

The stator flux magnitude in 𝛼 − 𝛽  coordinate using 

various controllers is depicted in Figure 10. It can be seen 

from the results that the proposed PI-SSA controller is 

smoother at motor speed step change than the PI controllers 

and the PI-PSO controllers. 

The power delivered to the PMSM from the PWM inverter 

is shown in Figure 11. As can be seen, the proposed 

controller introduces much better consumed power by the 

motor.  

The dynamic speed response of the MPTC-PMSM drives 

using the proposed controller was also validated at a constant 

reference speed of 750 rpm and variable load torque, as 

shown in Figure 12. The dynamic responses of the PI-SAA 

controller perform much better than those of the PI and PI-

GWO controllers, even when the motor load torque has been 

changed during this condition. 

The three-phase stator currents for the PMSM in dynamic 

and steady states are shown in Figure 13. It is obvious from 

the results that the stator currents during motor start-up using 

the PI controller are more disturbed and fluctuate than the PI-

GWO controller, and the best current behavior was when 

using the proposed PI-SSA controllers. 

The electromagnetic torque in the variation of load torque 

(2 Nm, 3.5 Nm, and 1 Nm) and constant motor speed is 

demonstrated in Figure 14. The MATLAB simulation results 

reveal that the suggested PI-SSA controllers improves the 

dynamic performance of the developed motor torque even 

when the motor load torque increases from 2 Nm to 3.5 Nm 

at 0.2 s and steps down to 1 Nm at 0.4 s. 

The PMSM flux linkage in (α − β) coordinate at constant 

speed (750 rpm) and variable load torque (2 Nm,3.5 Nm, and 

1 Nm) is illustrated in Figure 15. It is noted that the flux 

linkage dynamic response using the proposed PI-SSA 

controller is less distorted at the starting time compared to the 

other two controllers and similar in the steady state. 

Figure 9. Electromagnetic torque response to rated load torque and variable motor speed 

Figure 10. The 𝛼 − 𝛽 flux linkage waveforms of the PMSM under variable motor speed constant rated load torque 
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Figure 11. Electrical power supplied to PMSM 

Figure 12. Comparison of motor speed responses at constant reference speed (750 rpm) 

Figure 13. Three-phase motor stator current waveforms at constant motor speed and step change in load torque 
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Figure 14. Electromagnetic torque response to the three-step changes in load torque and variable motor speeds 

Figure 15. The 𝛼 − 𝛽 motor flux waveforms at motor speed (750 rpm) and a step change in load torque 

5. CONCLUSION

In this paper, the dynamic performance and the efficiency 

of the MPTC for PMSM-powered by PV water pumping 

systems have been optimized by using robust nature-inspired 

intelligent PI-SSA for the speed controller and PI-PSO for 

the boost converter of the PV system. The proposed PI-SSA 

speed controller was validated by conducting several 

simulation tests with three motor speeds (500 rpm,1000 rpm, 

and 2000 rpm) and comparing the results with PI and PI-

GWO controllers. The MATLAB simulation results shows 

that the proposed PI-SSA controller improves the rise time by 

21.17%, 3.64% at 500 rpm, 22.81%, 4.33% at 1000 rpm, and 

24.93%, 7.44% at 2000 rpm over PI and PI-GWO controllers. 

Furthermore, the settling time increased by 80.1%, 38.1% at 

500 rpm, 75.91%, 15.77% at 1000 rpm, and 81.15%, 21.91% 

at 2000 rpm over PI and PI-GWO controllers. Also, the 

overshoots were enhanced by 84.94%, 41.43% at 500 rpm, 

87.73%, 30.14% at 1000 rpm, and 90.17%, 45.35% at 2000 

rpm over PI and PI-GWO controllers. Finally, the undershot 

improvement of 70.53%, 32.52% at 500 rpm, 78.57%, 

49.02% at 1000 rpm, and 72.12%, 31.42% at 2000 rpm over 

PI and PI-GWO controllers. 
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