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Abstract

A single-stage photovoltaic-fed field-oriented controlled brushless DC
(BLDC) motor drive for water pumping using a 2-degree of freedom (DoF)
controller is presented in this paper. The proposed 2-DoF controller consists
of a feedback and feedforward loop design. A feedback loop is used to
maintain stability and desired performance, in which the PI controller is
utilized for controlling the DC voltage at the outer loop, which generates
the necessary speed reference. A Fuzzy logic controller is then used in the
inner loop to achieve a faster speed response of the BLDC motor. Further,
the performance of the system is made faster by incorporating dynamic
feed-forward control. MATLAB Simulink is used to design and simulate the
system. The OPAL-RT simulator is used to validate the system’s performance
in real-time.

Keywords: Brushless DC motor, fuzzy logic control (FLC), speed control,
water pump.
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List of Variables and Abbreviations

Variables:
Vpv, Ipv, Ppv Voltage (V), Current (A), Power(P) of PV Array
Vmpp, Impp, Pmpp Voltage (V), Current (A), Power(P) of PV Array at

maximum power point
Voc, Ioc Voltage (V), Current (A) at open circuit
Vdc DC Link voltage (V)
Ph Pump power (kW)
Pm BLDC motor power (kW)
ηp Pump efficiency
ηmotor Efficiency of BLDC motor
ηconverter Efficiency power converter
C DC bus capacitor (µF)
ω Speed of BLDC motor (rad/sec)
N Speed of BLDC motor (rpm)
K Proportionality constant
Ic Capacitor current (A)
Iinv Invertor current (A)
Id, Iq Direct axis and quadrature axis current (A)
Ia, Ib, Ic Three phase stator current (A)
Fsw Switching frequency (Hz)
Kpd Proportional gain
Kid Integral gain
M Sampling instant
Te Electromagnetic torque (Nm)
Ns, Np Number of series and parallel connected module of PV

array
Abbreviation:
NB Negative big
NM Negative medium
NS Negative small
PS Positive small
PM Positive medium
PB Positive big
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1 Introduction

To meet the electricity demand, renewable energy sources are being promoted
by many countries around the globe because of the fast diminishing of
conventional energy sources [1, 2]. To generate electricity, renewable energy
sources can be used. Solar energy, among many renewable energy sources,
is noiseless, pollution-free, and cost-effective, according to [3]. It is cheap
and plentiful in the Indian subcontinent and is being applied in numerous
applications in addition to water pumping. Photovoltaic-based water pumping
for drinking water and irrigation purposes has become highly advantageous
for rural areas without grid access. Solar water pumps are more convenient
than diesel water pumps for better reliability and lower operational and
maintenance expenses.

In a photovoltaic fed water pump system, a DC motor is used in [4]
for water pumping. However, due to sparking at the commutator and brush
surface, the DC motor is not convenient [5]. In [6] an induction motor is
employed for water pumping application fed by a PV array. The induction
motor is abundantly used for its low cost, robustness, and reliability. However,
high reactive power demand and low efficiency make it inadequate for PV-
fed water pumping [7]. Hence, researchers diverged towards a capable and
reliable motor for water pumping. The BLDC motor is a good aspirant
because of its high power conversion efficiency, high reliability, smooth
control, maintenance-free, easy to drive [8–13]. It can certainly compete with
induction motors, especially in pumping applications based on photovoltaic
arrays, where cost, efficiency, simplicity, and ease of operation are the most
critical factors [14]. In addition, the integrated design and motor and pump
technologies improve component use and dependability [15].

A PV based water pumping system fed by a double-stage BLDC motor
drive was proposed in [16]. The DC-DC converter is utilized for the MPP
operation of the photovoltaic array. However, this converter in the intermedi-
ate stage affects the efficiency of the system due to size, cost, and complexity.
To counteract this issue an attempt has been made to employ a single-stage
BLDC motor drive for the water pumping system in [17].

Field-oriented control is mostly used to control the speed of a BLDC
motor. A field-oriented controller controls the stator current, epitomized by a
space vector. The speed response is improved by separating the three-phase
stator current into two-axis, i.e., the d axis and the q axis segments, and
controlling them independently [18]. In the field-oriented control method,
the speed can be controlled by controlling the quadrature axis current using
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a PI controller. But due to the fixed gain of the PI controller, it is sensible to
parameter variation. Hence, a rule-primarily based controller referred to as a
fuzzy logic controller (FLC) is used [19]. FLC creates a set of mathematical
models with decision-making based on linguistic principles derived from the
designer’s previous experience.

To track the maximum power from a photovoltaic array, the MPPT tech-
nique is applied between the PV array and the load. Many kinds of literature
in the past have used various MPPT techniques to keep the operating point of
a photovoltaic array at its maximum powerpoint. Among all the techniques,
the perturb and observe MPPT method is the most commonly utilized as it
has a low cost and is simple [20]. The disadvantage of this method is that
it occasionally deviates from its peak operating point, as in the case of a
sudden, ever-changing environmental condition. The MPPT technique, i.e.,
the incremental conductance (INC) technique, gives outstanding performance
for tracking peak power even under changing weather conditions.

In this paper, a water pumping system fed by a PV array with a single-
stage BLDC motor drive using a 2-degree of freedom (DoF) controller
is presented. An INC technique is utilized for tracking the MPP. A feed-
back and feed-forward loop design are being used in the proposed 2-DoF
controller. To maintain stability and desirable performance, a feedback loop
is used, with the PI controller modulating the DC voltage at the outer loop,
which generates the required speed reference. In the inner loop, a fuzzy logic
controller is being used to achieve a faster speed response of the BLDC
motor. Furthermore, the system’s performance is improved by implementing
dynamic feed-forward control.

2 Structure of the System

The system’s structure is depicted in Figure 1. The BLDC-Pump set is pow-
ered by a photovoltaic array through a voltage source inverter. The voltage
source inverter operates the photovoltaic array at its peak power through
appropriate control as well as controls the stator currents.

3 System Design

The system design includes photovoltaic array sizing, the pump, and a BLDC
motor so that the operation of water pumping can be executed even at
minimum irradiance. The various approaches to the framework are given in
the section below.
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Figure 1 Structure for PV based water pumping system.

3.1 BLDC Motor-Pump Selection

The brushless DC motor and pump are selected mainly based on the volume
of water delivery. An assumption has been made in this article that a 14 m3/h
volume of water is to be pumped with 16 m of total dynamic head. Now the
pump power is as follows [21]:

Ph =
1000× 9.8× 14× 16

(3.6× 106)
= 0.6 kW (1)

Where 1000 kg/m3 is water density and 9.81m/s2 is the acceleration due
to gravity.

The power of the motor Pm is calculated as

Pm =
Ph

ηp
= 0.6/0.6 = 1 (2)

Where ηp is the efficiency of the pump which is considered as 60%.
Hence, a 1 kW rated motor is utilized for the application of driving the

pump.

3.2 Solar PV Array Sizing

The photovoltaic array’s rated power is given by

Pmpp =
Pm

(ηmotor × ηconveter)
=

1

(0.9× 0.95)
= 1.26 kW (3)

Where ηmotor and ηconverter are the efficiency of BLDC motor having the
efficiency of 90% and converter having the efficiency of 95%.
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Hence, a 1.26 kW solar PV array at STC (1000 W/m2, 25◦C) was chosen
for the selected BLDC pump. A photovoltaic panel with Vmpp and Impp

of 15.44 V and 4.3 A is selected for designing the estimated size of the
photovoltaic array.

Here, Vmpp for the PV array is chosen as Vmpp = Vpv = 300 V, which
is the voltage rating of the motor. The remaining parameters are defined as
follows:

Impp = Ipv =
Pmpp

Vmpp
=

1261

300
= 4.2 A (4)

Number of series-connected modules

Ns =
Vmpp

Vm
=

300

15.44
= 19.44 ≈ 20 (5)

Similarly,

Np =
Impp

Im
=

4.3

4.2
= 1.02 ≈ 1 (6)

3.3 Design of Pump

A centrifugal pump combined with a brushless DC motor is chosen for the
system. It is designed by utilizing affinity laws of pump that favour torque-
speed characteristics as [22, 23]

k1 =
Pm

ω3
=

1000

(2Π× 3000/60)3
= 7.14× 10−5 (7)

Where k1 is the proportionality constant, ω is the speed and Pm is the
power of the motor.

With this designed value the pump is adopted for the system.

3.4 Estimation of DC-link Capacitor

The estimation of the capacitor has been done based on ripple current flow to
the capacitor and is given by [24, 25]

Ic = Ipv − Iinv (8)

where Ipv is the current due to solar PV and Iinv is the inverter current.
For calculating the ripple current, the worst condition to be considered as

Iinv is zero.
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Hence,
Ic = Ic max = Ipv = 4.3 A (9)

The capacitor’s value is determined by

C =
Icmax

fsw ×∆vpv
=

4.3

10000× (19.8× 20)× 0.04
= 63 ≈ 100 µF (10)

Where ∆Vpv is the photovoltaic voltage ripple, considered to be 4% of
the open-circuit voltage (Voc) and fsw is the switching frequency.

4 Control Strategy

4.1 Maximum Power Tracking

This method is mainly utilized to track the maximum power of photo-
voltaic arrays. In this system, an MPPT technique known as an Incremental
conductance (INC) is utilized [26, 27]. The instantaneous value of conduc-
tance is compared to its incremental value by the INC technique to track
MPP [28, 29]. The slope of P-V characteristics is altered based on this value.
The operating principle of the INC can be evaluated from the following
equation [30]:

Ppv = Vpv × Ipv (11)

dP

dV
=
d(IV )

dV
= I + V

dI

dV
= I + V

∆I

∆V
(12)

At maximum power point,

dP

dV
= 0 (13)

Hence,

∆I

∆V
=
−I
V

at MPP (14)

∆I

∆V
> − I

V
at the left of MPP (15)

∆I

∆V
< − I

V
at the right of MPP (16)
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Figure 2 INC MPPT algorithm.

The actual photovoltaic voltage is matched with V ∗
dc which is the output

of the MPPT algorithm, as follows [31]

V dce(m) = V dc∗(m)− V pv(m) (17)

A PI controller then receives the error. A speed error is considered by the
PI controller’s output. ω∗

1(m) is written as
ω∗
1(m) is written as

ω∗
1(m) = ω∗

1(m− 1) +Kpd{Vdce(m)− Vdce(m− 1)}+KidVdce(m)

(18)

Where Kpd is proportionality and Kid is an integral constant.
This is the reference speed at the Mth sampling instant.
ω∗
2(m) is another speed reference produced by pump’s affinity law that

can be considered as a feed-forward component [32]

ω∗
2(m) = [Ppv(m)/K1]

1/3 (19)

Where K1 is the proportionality constant
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Figure 3 Structure of fuzzy logic control.

ω∗
2(m) is the highest-rated speed resembling the given irradiance. The

system’s dynamic response is very poor. Hence, the feed-forward compo-
nent, which consists of photovoltaic power and the proportionality constant,
supports rapid dynamic response by straightaway reflecting the photovoltaic
power on speed [33].

ω∗ is evaluated as

ω∗(m) = ω∗
1(m) + ω∗

2(m) (20)

The actual speed and the reference speed are compared; the resulting error
is given below.

e(m) = ω∗(m)− ωr(m) (21)

Both error (e) and the rate of change error (ce) is fed to a controller, i.e.,
fuzzy logic controller.

4.2 Fuzzy Logic Control

This control has been utilized in various control and automation applications.
The linguistic rules are used to regulate fuzzy logic [34]. Figure 3 depicts the
control’s structure. The structure has three blocks, i.e., fuzzification, inference
fuzzy rule, and defuzzification.

4.2.1 Fuzzyfication
This converts crisp input and output variables to the linguistic variable (Fuzzy
set). A triangular-shaped membership function is selected here because of its
simplicity and best control performance results. The two variables i.e. output
and input are adopted into seven membership functions as NB, NM, NS, ZE,
PS, PM, PB, and nine membership functions for output The membership
functions are normalized in the universe of discourse within −1 and 1
presented in Figure 4.
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                                                    (i) 

                                            

                                              

                                                  (ii) 

                                                (iii) 

Figure 4 Membership Function of (i) e, (ii) ce, and (iii) output.

4.2.2 Inference fuzzy rules
In linguistic form, a bunch of rules are comprised in inference fuzzy rule
represented as If-then rules created by the experience of specialist’s knowl-
edge [35]. Depending on the membership function, 49 rules are obtained here.
The rules are presented in Table 1.

4.2.3 Defuzzfication
This converts the linguistic output variables produced by rules of FLC to crisp
output. The crisp output is obtained using the centre of gravity defuzzification
method.
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Table 1 Fuzzy logic control rule
H
HHHHce

e
NB NM NS ZE PS PM PB

NB NVB NVB NVB NB NM NS ZE
NM NVB NVB NB NM NS ZE PS
NS NVB NB NM NS ZE PS PM
ZE NB NM NS ZE PS PM PVB
PS NM NS ZE PS PM PB PVB
PM NS ZE PS PM PB PVB PVB
PB ZE PS PM PB PVB PVB PVB

4.3 Field Oriented Control

The speed is controlled by utilizing this control. The ωe along with the rate
of change of ωe is sent to the fuzzy logic controller. The reference torque T ∗

e

is the output T ∗
e is

T ∗
e (m) = Te(m− 1) +Kp{ωe(m)− ωe(m− 1)}+Kiωe(m)

(22)

The q axis current i∗qs is derived from T ∗
e as follows

I∗qs = KT ∗
e (23)

As the motor is required to be driven below rated speed for water pump-
ing, field wakening is not needed. As a result, the current I∗d on the d axis is
held at zero.

By utilizing inverse Park’s transform, both d and q axis currents produce
reference current (i∗a, i

∗
b , i

∗
c). A hysteresis controller is utilized to generate

pulses for VSI by comparing the actual stator currents with reference stator
currents

5 Results and Discussion

The system proposed in this article is simulated in MATLAB/Simulink and
evaluated under various operational conditions. The simulation is verified and
tested in real-time on an OPAL-RT platform.

5.1 Starting and Steady-state Performance

The photovoltaic parameters shown in Figure 5 has a fine tracking of MPP
and reaches its steady-state value of 300 V, 4.3 A and 1261 W at 1000 w/m2
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(i)        (ii) 

 

  (iii)        (iv)  
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Figure 5 Reponses of (i) PV voltage (ii) PV current (iii) PV power (iv) Motor speed (v)
Motor torque, for 1000 W/m2 insolation under steady-state.

within a fraction of a second shown Figure 5(i),(ii), and (iii). The motor
parameters attain their rated values respectively, as can be seen in Figure 5(iv)
and 5(v).

5.2 Dynamic State Performance

To substantiate the suitable performance of the system under variable climatic
states, the irradiance is reduced from 1000 to 400 W/m2 and then returned to
1000 W/m2 while keeping the temperature constant as shown in Figure 6. As
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Figure 6 Reponses of (i) PV voltage (ii) PV current (iii) PV power (iv) Motor speed (v)
Motor torque, for 1000 W/m2 insolation under dynamic-state.

a result, the PV voltage does not change significantly as a result of MPPT
operation, as shown in Figure 6(i). However, as illustrated in Figure 6(ii) and
6(iii), the current as well as power are reduced by nearly half because they
are directly proportional to irradiance. The motor parameters, i.e., speed and
torque, are also varied accordingly during the variation of the solar irradiance,
illustrated in Figure 6(iv) and 6(v). At lower irradiance, peak power extracted
is less, therefore there is a reduction in ωr and Te. Hence, the water flow from
the pump is reduced.
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5.3 Performance Under Partial Shading Condition

Under these conditions, there is a reduction in the PV voltage of series-
connected PV modules of a photovoltaic array. Hence, the total power is also
reduced. However, the speed remains at a specified value due to the control
action of the closed-loop fuzzy logic controller demonstrated in Figure 7. To
verify the same, four out of twenty modules of the PV array are removed to
mimic the effect of partial shading. Under such conditions, both photovoltaic
array and motor responses are presented in Figure 7(i) to 7(iv). Due to the

                 (i)                                                                                          (ii) 

                      

                                                                                        

                                                                                          

 

                        

 

 

                    (iii)                                                                                         (iv)                                         

                           

 

 

                 

 

 

 

               (v) 

         

                                                                           

                                                                             

             

Figure 7 Responses of (i) PV voltage (ii) PV current (iii) PV power (iv) Motor speed (v)
Motor torque, for 1000 W/m2 insolation under partial shading condition.
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Figure 8 Speed response of PI and Fuzzy logic controller.

robust controller, the BLDC motor pump adequately supplies the full capacity
of water even in the condition of partial shading.

Figure 8 shows the comparison of motor speed response by implementing
both PI and fuzzy logic controllers. The rising time of speed response in the
case of the PI controller is 4.8 ms whereas in the case of the fuzzy logic
controller it is 2.5 ms. The speed response by using PI controller settled down
to steady state at 7.6 ms, however by using fuzzy logic controller it settled
down to steady state at 4 ms. Hence When compared to the traditional PI
controller, the fuzzy logic controller provides a faster speed response.

6 Real-Time Implementation with OPAL-RT

The OPAL-RT environment validates the MATLAB simulation responses in
real-time.

Figure 9 OPAL-RT interfaced with console PC.
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6.1 Starting and Steady-state Performance

The waveforms shown in Figure 10 depict the performance results of the pho-
tovoltaic array and motor pump respectively. The various system parameters
are recorded under this condition. The motor–pump and photovoltaic array
reached the steady-state i.e., V pv = 300 v Ppv = 1.26 W, Ipv = 4.3 A,
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Figure 10 Real time responses with OPAL-RT (i) PV voltage (ii) PV current (iii) PV power
(iv) Motor speed (v) Motor torque.
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N = 3000 rpm, T = 3.18 Nm resembling to maximum power point as
shown in Figure 10(i) to 10(iv).

6.2 Dynamic State Performance

The responses under this state are demonstrated in Figure 11. By decreasing
the irradiance, the photovoltaic voltage has reduced slightly, but the current
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Figure 11 Real time responses with OPAL-RT (i) PV voltage (ii) PV current (iii) PV power
(iv) Motor speed (v) Motor torque.
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and hence power has decreased proportionally can be seen in Figure 11(i),
(ii), and (iii). The parameters of the motor are also very consequently
illustrated in Figure 11(iii) and 11(iv).

6.3 Performance Under Partial Shading Condition

The responses of the motor and photovoltaic array under these conditions
are presented in Figure 12. This condition is realized by reducing four out
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Figure 12 Real time responses with OPAL-RT (i) PV voltage (ii) PV current (iii) PV power
(iv) Motor speed (v) Motor torque.
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of twenty series-connected modules of a photovoltaic array. Both the voltage
as well as the power of the photovoltaic array are reduced because of the
partial shading illustrated in Figure 12(i) and 12(iii). However, the speed
remains the same due to the closed-loop fuzzy logic controller demonstrated
in Figure 12(iv). Hence, the BLDC motor pump delivers water at full capacity
even with partial shading.

7 Conclusion

A standalone single-stage photovoltaic array fed a 2-DoF controlled water
pumping system is presented. The system is apprehended under both steady
and dynamic state at standard testing conditions using MATLAB Simulink
and validated using OPAL-RT simulator. The feedback loop, which includes
fuzzy logic control, greatly enhance the efficiency of the compensated sys-
tem. The system response has been further accelerated by incorporating the
feed-forward term under dynamic conditions. The system offers a quick,
fruitful solution for water pumping.

Appendix

Solar PV Parameter:

Voc = 19.8 V, Isc = 4.8 A, Vm = 15.44, Im = 4.3 A

BLDC Motor Parameter

P = 3000 rpm, Rs = 2.87 Ω, Ls = 8.5 mH,

Rated DC link voltage = 300 V, Trated = 3.18 Nm
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