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Abstract

Photovoltaic (PV)-fed motor pump system employs an advanced system that eliminates
the need for batteries to reduce maintenance and equipment costs during the day in desert
areas. Real-time adjustment of the motor output speed stops the motor from drawing
power from a storage capacitor in the DC link so that sensors and microcontrollers (MCU)
do not lose power and restart. This paper proposes an extremum seeking control (ESC) to
achieve high accuracy of the maximum power point tracking (MPPT) algorithm by improv-
ing the accuracy of current and voltage measurements. MPPT-based motor speed vector
control rule is proposed. A field-oriented control (FOC) scheme and sensorless direct
torque control (DTC) scheme are introduced for comparison. The control method and
interior permanent magnet synchronous motor (IPMSM) are tested on the PV simulator
and dynamometer experimental test-rig. The test results show that the sensotless DTC can
regulate the motor speed and torque to the desired value without system power failure. In
contrast, the speed fluctuation of FOC control is lower than sensotless DTC. However,
the system tuning time of DTC is faster and easy to support the whole system operation.
The main technical contribution of this study is to provide a coordinated control method

1 | INTRODUCTION

Many countries have issued net-zero emission energy laws to
meet future demands for energy services and industrial pro-
cesses without net addition of CO, to the atmosphere [1]. From
2035 to 2060, over the 26 regions including the United States,
European Union, and China, intend to achieve the carbon neu-
trality [2, 3]. The long-term goal of carbon neutrality is the same
as Paris Agreement, which is to limit the rise in global aver-
age temperature to less than 2°C above pre-industtial levels,
trying to determine it to 1.5°C [4]. Thetefore, as one renew-
able energies, PV panels are often mentioned as a device that
can convert solar energy into electricity. It is not only cited
in the field of power generation and auxiliary power but also
used as an independent power supply. According to Qazi [5]
and Jurasz [6], the solar power in the shatre of global renewable
electricity production is 1.9% in the year 2017. Simultaneously,
this proportion recently has an upward trend as an independent
power supply. Predictably, PV autonomous power systems will

to maintain the continuous operation of the entire system during the daytime.

be applied to more fields and will have great potential to reduce
carbon neutrality.

To utilize PV power to drive many systems, people have
thought of a lot of ways up. Without the grid connection of
the PV system, one of the typical applications of PV energy uti-
lization is a motor system driven by PV energy. Initially, people
would straightly connect the PV to the motor, which is the most
apparent program. Sashidhar et al. [7] realized that PV power
is hard to control, and it caused research priorities to turn to
the efficiency of PV power. Eventually, they applied the com-
bination of MPPT control and motor control, that combined
signal of both regulates the duty cycle of the inverter. And they
designed a special pump and drive integrated motor as a special
occasion application. Kashif et al. [8] and Murshid and Singh [9]
proposed that a single-stage topology of PV motor system pro-
vides higher efficiency than a two-stage topology. But in general,
the disadvantage of those systems without a converter is the
decrease of the adjustable output range of the system, result-
ing in waste of power at the power supply end [10]. Tripathi
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et al. [10] compared the efficiency issues of single topology and
two-stage topology, and concluded that the two-stage topology
is generally more efficient than the single one. Meanwhile, this
single-stage topology saves cost but simultaneously makes it dif-
ficult for them to establish effective control over the output
voltage of the PV system. The applications of the designed sys-
tem are also very limited, it can only be applied in environments
with sufficient and stable irradiance.

In contrast, some people believe that PV motor systems can
increase stability with a dual inverter structure. Jain et al. [11]
proposed a neutral-based integrated MPPT control algorithm to
improve the utilization of PV output power in the changing cli-
mate. In practice, the load torque is cubically related to the speed
of the fan and pump. The water flow rate cannot change rapidly,
so as the speed and torque. Therefore, water flow is an obstacle,
method in [11] switches the load to match the environmental
conditions. Ramulu et al. [12] investigated a three-level inverter
to distribute the power of each PV panel for the system output.
And both of them used dual inverters with induction motors as
pump loads. The experimental results also show that the induc-
tion motor is not well utilized for the PV power, which further
increases the waste of PV output. And the paper does not men-
tion the problem of low voltage in the MCU system brought
by the drop in irradiance. If the system voltage is lower than
the minimum voltage required by the MCU, the system will stop
completely or restart repeatedly.

In the single-stage topology, it has been considered how to
apply the algorithm to keep the system running when the irra-
diance drops [13]. Antonello et al. [13] used the ESC algorithm
to stabilize the MPPT signal and control the motor speed in
combination with the speed signal of FOC. In this study, exper-
iments were done in real PV arrays, although the experimental
results show that the controller can regulate the output power
well and the system run at MPP during the time irradiance
changes. However, an array of four PV panels was used in the
experiments to ensure that the system voltage was above the
minimum voltage even during long periods of low irradiance.
This ensures stable operation of the whole system, but increases
the cost significantly. And the array of PV panels will need to
take into account the matching of multiple MPP, but it is not
mentioned in their paper.

Typically, the other conventional PV-fed motor system is
combined with a battery to keep system operation in an accept-
able voltage range even during rapidly dropping sunlight [14].
In a traditional setup, the converter output is directly connected
with the power grids battery or DC power supply [14, 15].
Although, the method of not entirely relying on PV supply
ensures the stability and continuous operation of the whole
system. But it also increases equipment cost and installation
complexity. On the other hand, the life limit of the battery
determines that the system needs regular maintenance, which
significantly increases the labor cost. This system also has
to work with the bidirectional buck-boost converter. Gener-
ally, batteries need about 35% cost of the whole system. The
difficulty in choosing the specifications of batteries and PV
meanwhile leads to a waste of energy. This method goes against
the original intention of using PV power.
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FIGURE 1 Diagram of an advanced PV-fed pump motor system

Various control strategies have been proposed for these
actuators to complement the latest configurations of stand-
alone two-stage topology PV systems. Chandra et al. [16] and
Priyadarshi et al. [17] each use neural network and artificial neu-
ral network-fuzzy logic control at the converter control side
to increase the efficiency of the MPPT. However, they spent
on-chip resources in the MCU but only 2% of the control per-
formance is improved. Even more, they picked mild irradiance
and did not experiment in an environment where the irradiance
varied greatly.

The maximum PV power available is variable due to vary-
ing sunlight and temperature levels during the day, especially
in desert areas where the grid is unavailable. It means that
the output of the motor system needs to be balanced with
the output of the PV system. It requires a high-speed system
dynamic response to reduce the output power to avoid sys-
tem outages due to sudden irradiance drops. Thus, this paper
introduced the advanced ESC of MPPT algorithm combined
with motor speed and FOC, sensotless DTC scheme to get
strong robustness and established an unattended independent
operation PV-fed water pump system. And the system uses
only one PV panel, so it avoids the power matching prob-
lem caused by multiple MPPs. The diagram of the unattended
independent operation PV-fed water pump system is shown in
Figure 1.

This paper investigates a control algorithm for the contin-
uous operation of a photovoltaic pump motor system that is
not connected to electricity in the presence of rapidly decreas-
ing sunlight exposure. The pump motor runs at rated power
when daytime irradiance is at its maximum and reduces out-
put power when irradiance drops. Since the output torque
of the pump load is proportional to the cube of the motor
speed, the controller will vary the speed and so the power.
The proposed system does not work propetly on rainy days
due to low irradiation. However, irrigation is not required
on rainy days. The main contribution of this paper can be
summarized as

1) Detailed control logic and design considerations for a two-
stage topology of a pump motor system powered by only
one PV panel are presented.

2) Derived the approximate output of the ESC in the paper to
reduce the complexity of the MPPT algorithm to simplify
the calculation of the motor command speed.
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FIGURE 2  Equivalent circuit of PV and negative buck converter system

3) A control method without an energy storage device and
motor position sensor is proposed for the problem of
powering down and crashing when the irradiance drops
suddenly to increase the operation time and reduce the
cost.

4) The design principles highlighted in the paper can be
extended to other types of loads such as fan load by adjusting
the parameters.

This paper is focused on the coordination method between
the ESC-based MPPT algorithm and the motor control
algorithm, thereby keeping the entire system operating. The
remainder of the paper is organized as follows. An equiva-
lent circuit of PV, negative buck converter array and PMSM
system will be presented in Section 2. The maximum adjust-
ment time of the control system, circuit of the negative buck
converter, ESC of MPPT control strategies and FOC and
selsorless DTC method will be introduced in Section 3. Sec-
tion 4 contains the FOC scheme and sensotless DTC scheme,
followed by the discussion of the simulation results and the
experimental results. Finally, the conclusion will be offered in
Section 5.

2 | MODEL OF PV ARRAY AND PMSM
SYSTEM

2.1 | Non-linear characteristics of PV array
An example equivalent circuit for PV solar module is shown
in Figure 2, where 7, is the photocurrent, 7p is a p-n junction
curtent, 7,, and 2, are a current and voltage of PV module. &,
and R;; are an intrinsic shunt resistance and an internal series
resistance of the cell. Considering the equivalent circuit for PV
module in Figure 2, the output current of one PV cell and array
can be calculated as follows

. . . q
Zpb' = Z,D/J Lt [CXP <AK7;/7/]) ”pv) - 1] ) (1)

where 7., is a diode saturation current, ¢ is a electrical charge
of electron (1.6 X 1071 ), A is a diode ideality factor (a num-
ber between 1 and 5), K is the Boltzmann’ constant (1.38 X
1072 J/K), 1, is ajunction temperature. Also, 7, is an inverse
saturation current of PV cell which depends on PV panel

temperature and could be calculated by following equation

3

C— % ];mp A x quﬂﬁ 1 1 2
Lat = 0 YZ) CXP AK 7(*) 7;”/]] ’ ( )

where 7)) is a reference temperature of the cell, 4, is an inverse

saturation current of PV cell in 7 and £, is the air-gap voltage
of p-n junction in PV panel. According to (1), the output power
of PV array 5, could be determined as

Do =

. . q
= Loy = Liapy [exp (WM) - 1] . 3

2.2 | Mathematical model of PMSM

In this section, the mathematical model of an Interior-PMSM
will be given in two different reference frames, the dg rotor
frame and the a8 stationary reference frame. The dg frame cor-
responds to the synchronously rotating reference frame, and the
d axis coincides with the IV pole of the rotor. The a8 frame is
fixed to the stator winding and the a axis coincides with the
u phase axis. In the dg rotor reference frame, the space vector
form of the voltage equation is

dy,

= Ry + =4~
Vg sld dr co,z,bq
4y
. 9
Vg = R.rlq + 7 + w?"z)b// 5 (4)
Yo=Lig+p;
lpq = L.rjq

where v, ,, iy, 7;, P4 and P, are the dg components of the sta-
tor voltage, current and flux linkage, respectively. R, and L are
the stator resistance and inductance. P 7 is the rotor flux link-
age generated by the permanent magnets, w, = N,w,, where
N, is the number of pole pairs and w,, is the mechanical rotor
speed.

In the a3 stationary reference frame, the space vector form
of the voltage equation is

d
Vg = Ry + % —w,Ysin6,

N
g = Riig + — T w,PycosB,, (5)

Yo = Liig +Pssinb,
Yp = Lg+cosb,
where 1, 18, iy, 78, Po and Pg are the aff components of the

stator voltage, current and flux linkage, respectively. 8, is the
rotor position angle.
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3 | COORDINATED CONTROL
METHOD OF MPPT SYSTEM AND
MOTOR SYSTEM

This chapter starts by analyzing the system’s maximum oper-
ation time and develops the control method for each part. In
particular, a motor speed control vector rule is proposed to
describe the balancing process of the power of MPPT system
and motor system. It stops the motor from draining power from
the storage capacitors in the DC link so that the sensors and
MCU do not lose power.

3.1 | System maximum adjustment time

The structure of the unattended independent operation PV-
fed water pump system is shown in Figure 1. In this system,
the DC link capacitor specification Cj, is determined from
the outset based on the area and heat dissipation of the
printed circuit board (PCB). The value of DC link capaci-
tor decides the maximum time of the entire system that can
operate normally during the irradiation drop. The purpose of
subsequent algorithms such as ESC-based MPPT and motor
control aim to avoid using the power of DC link capacitor.
Those control algorithms will be introduced in a subsequent
chapter. Therefore, according to the capacitor energy storage
equation and the output power equation of the synchronous
motor, the maximum operation time 7, can be calculated
from

E[ de min (6)
by = —" = —T7"7T-—"7™7™,
L .

9.55 ePout

e -,

where 7, is total energy stored in the DC link capacitor,
P, is an output power of IPMSM. 7, represents the aver-
age value of output voltage of the N-buck converter, equal to
the input voltage of the inverter. 2,,, is the minimum inverter
operation voltage decided by the specification of the MCU.
7, and #,,, represent an output torque and rotating speed of
IPMSM.

The premise for the system to complete one power adjust-
ment is that the dynamic response time of the control method
must be less than the 7.

this value, the MCU will no longer work properly. Further-

If the system tresponse time exceeds

more, to extend the 7, in terms of hardware, the auxiliary

95>
power supply in this system is designed to have a wide voltage

range.

3.2 | Negative buck converter

For the problem of mismatch between the output voltage of
the PV panel and the v, of the motor system, it is necessary
to use the converter for voltage regulation. The estimated initial
duty cycle Dy " of the negative buck converter can be obtained

v | Nonlinear | ¥
“| PV system

Extremum Seeking p

Low pass
Filter

Low pass |
Filter

—— Dithering signal

Gradiant Estimation

FIGURE 3 Block diagram of ESC method

from the following equation [17]

! Ve
D, dntyl

—_— ™
Y, + yﬂlpp

where ,,,, is the voltage value when the PV panel is at 25°C

temperature and 1000 W/ 'm? irradiance condition.

Since the gate source voltage 7, must be greater than 15V to
fully conduct, if the N-type metal-oxide-semiconductor field-
effect transistor (MOSFET) is placed on the bus side instead
of the ground side, then the voltage value of v needs to be
greater than »; 15 V. A special driver chip needs to be used
to fully conduct the MOSFET. For reasons of cost and the
stability of the drive chips, negative buck converter can be
used.

3.3 | ESC-based MPPT control strategy

One MPPT algorithm, ESC-based MPPT method can be used
in order to increase system response time by maximizing the
output power of photovoltaic panels under current irradiation
conditions and reducing its output power fluctuations. The ESC
method operates by periodically incrementing or decrementing
the output terminal voltage of the PV panel and comparing
the power obtained in the current cycle with the power of the
previous process [18]. While the harsh climate, such as shad-
ing and heat distribution increases the measurement accuracy
requirements for current and voltage sensors. To indicate that
[19], predicted the voltage for the derivative breakpoints within
small intervals.

The overview of the ESC scheme is shown in Figure 3. Lei
et al. [19], Brunton et al. [20] and Moura and Chang [21] rep-
resented the ESC system for static nonlinear maps. Since the
case study on PV systems involves a static plant model, the
scope of this paper is limited to static plants. As it can be seen,
ESC is an optimum operating point of a nonlinear system. In
this method, it is supposed that the characteristics curve of
the considered approach is concave. As a result, this method
can be used for tracking MPP in the PV system. Consider-
ing a nonlinear characteristic curve for PV panel as following
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where 7, is output power of panel and # is the input _ ,O/gg 4\ =00
of panel which is a function of the signal #, d; = sin(w,#) 07 -~ 3.cull St B 7}7 B E; i
and dZ = q Sin(wdf) are both the dithering signal. ay trep- Oo 10 20 30 40 M 50 00 10 20 30 40 M 50
resents the perturbation amplitude, w, is the dither fre- Voltage (V) . Voltage (V)
. (a) Characteristic of PV panel
quency. Consequently, the output power can be obtained as
Laststep A This step

follows
Py, =y = f(u+ aysin (@41)). O)

Now, Equation (6) could be approximated by Taylot’s series
around #, expanding in 3 terms

df(u 4% fu
b, ~ f(n)+ j;,(ﬂ) ag sin (w,1) + %%ag
4% fu
—% dig)a(z)cos(Zcoﬂzl). (10)

It could be seen that the output power is made of a part with
a low frequency along with harmonics with frequencies equal to
@, and 2w ;. Then using a high pass filter, the output is obtained
as follows

df (u A% f(u
f(% ) ag sin (W 7) — %%aﬁ cos (2w 1). (1)

TR

After Py products ¢ = sin(w,/), the output of ESC system
is revealed as follows

dfin) 1d°f() ,
Pry & ,osin (wyt) — 3 2 % cos (2w, 1) sin (w,4)
K A
= 7&1@ - T doCOSZ (COdf)
1d2f @) , | 12 f) , 5
—3 oz s (wyt) + 3 %S0 (wy2). (12

Then this product results will pass through the low pass filter,
it reveals the output of ESC system as follows

df ()

Lo du

ap. (1 3)

To the negative buck converter in Figure 2, C; and C), are a
PV output stabilization capacitor and DC link capacitor, 1y is a
charge and discharge inductance. #,,, and D, are a PV output
voltage and a duty of PWM pulse in MOSFET. The basic rela-
tionships for the negative-buck converter and MPPT method
are obtained as follows

U = Doyt X 0, = (i + ag sin(@y2) ) vy, (14)

speed vector

Power (W)
A
AR
AN
1

\ +im !\\

I‘accelalation

Voltage (V)
(b) Speed vector control rule respect to PV power

FIGURE 4
deceleration vector control rule respect to PV power. (a) Characteristic of PV

Characteristic of PV panel and speed acceleration and

panel, (b) Speed vector control rule respect to PV power

which we use for the following switched control law

7+ ay sin(w 1) d]%y/dpm #0

7+ asin(w,1) , (15)
da(t) otherwise
= = —pat), a() =a

where a4, a,, a0 are the changing perturbation amplitude,
perturbation amplitude respect to the time #, original perturba-
tion amplitude, respectively. p represents the decay parameter,
and one would use the algorithm parameters to compute
convergence speeds in practice.

3.4 | A motor speed control vector rule
combined with MPPT

Figure 4a shows the PV curves for varying irradiance using the
equations mentioned eatlier (1), (2), (3), and parameters. More-
over, we can obtain the assumed motion trajectory of the MPPT
algorithm based on Equations (14) and (15). It is also shown in
Figure 4a. The point A, B, C show the MPP of 1000 W/ 'm? irra-
diation, MPP of 350 W/m? irradiation, the maximum output
voltage of 350 W/m? irradiation, respectively.

The motor runs steadily when the converter system is ini-
tially at point A. Suppose the irradiance falls to 350 W/m? at
this moment, and the ambient temperature does not change sig-
nificantly. It means that the PV characteristic has moved from
the blue curve to the red one. The MPPT algorithm immedi-
ately reduces the 1, to find the new MPP, and the motor
system needs to decelerate correspondingly. We can get point
1 as the next step in the interval of MPPT system after the
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sampling period 7. The point 2, 3, 4 as the ordinal, the opera-
tion point finally moves to point B. Another case is the motor
acceleration when the irradiation is recovered—assuming that
the motor is also running steadily at this time on point B. The
operation point moves to 5, 6 and 7 as ordered. In the end, point
A is the MPP where the algorithm is found.

According to the MPPT motion trajectory and ESC algo-
rithm obtained eatlier, the subsequent motor speed control
vector rule can be obtained. Considering the acceleration and

deceleration command Az,,,; according to Figure 4a yields the

[z
following relationships

A Al
Romd = — Pemds
o PM o
T
Dreftit1) = Drfih) + Dllopazss (16)
b, =L+ By, a7

where AP, is the difference between the current power of the
PV array and the previous power. B, P, P,, represents a cuf-
rent output power of IPMSM, a power gap obtained from the
DC link capacitor, and a current PV array output. Parameters
#,,q Weighs controller command speed. @, (z), @, f(x+1) T€P-
resent the motor reference angular velocity for this step and
the next step. This angular speed will be communicated to the
motor control DSP as the reference angular speed of the motor
system. Equations (16) and (17) indicate that the motor speed
will be stable when the power gap of PV and motor . tends
toward zero.

Figure 4b shows the rule of speed vector expressed in Equa-
tions (16) and (17), where the 7, is the motor current. The
controller compares the last step and this step of the irradiation
trend and decides the direction of the speed vector. The trend
of the arrows represents the power change of the motor con-
trol system. However, The units of x—y coordinates in Figure 4b
are same as Figure 4a, and trajectory can also be mapped to
Figure 4a. In general, whether the deceleration or acceleration
(corresponding to the irradiation decrease or increase), increas-
ing the 7,, brings the operation point closer to the MPP of 1000
W/m? irradiation curve. Conversely, reducing the 7, brings it
closer to the MPP of 350 W/m? irradiation curve. The opet-
ation point moves to the direction of point C when the 7, is
not changed.

While practical execution time is longer than judgment time,
it still means that when irradiation drops rapidly, the controller
can reduce the command speed in the time between the few
carrier waves.

3.5 | FOC and DTC algorithm

To obtain fast dynamic response, FOC and sensorless DTC
schemes are considered here. The challenge of this control
scheme design is from the variation of the converter output
power. Namely, the difference between the converter output 2,
and the motor output £, on the DC link capacitor. As the input

v Space Vector
Dret ey PI bEEses| PI bEE S| FvMand
4 A '_ ' A Voltage Fed
(o Speed  Speed Current  Current Inverter
controller  limiter controller  limiter
haq Park

Transform

FIGURE 5 Conventional FOC block diagram

of inverter #;, varies inconstantly, the response of the control
scheme should be fast. For compatison purpose, two control
methods have been considered.

3.5.1 | Conventional FOC system

The field oriented control is a linear strategy, which has been
widely applied in the motor control methods [22]. Rotating the
motor by controlling the dg axes voltage rotation. The basic
principles of FOC is illustrated through the block diagram
presented in Figure 5.

The PI coefficients in FOC have two parts: speed loop and
current loop. Those coefficients can be obtained offline with
the following equations from the Texas Instruments InstaSPIN-
FOC guide [23]

K = Byl
= Pots7
7 V;if.fZ
) _ B
[(,'[ = Zl}b (18)

s

where K];[, K[; are the ’series’ topology of current loop coeffi-

cients. /,, 1/, are the stator rated current and voltage. By is the
value of the current loop bandwidth which is recommended to
be 0.25 in Texas Instruments InstaSPIN-FOC guide [23].

,_K
@J [,1 ’
3N,
2] ’
!
’ _ ]gjf

S=Fn

o =

19)

where Kp,x’ Kllr are the ’series’ topology of speed loop coeffi-
cients. The constant value ¢; can be obtained from ¥, rotor flux
linkage and inertia of the motor plus the load /. 8 is the damping
factor. According to the description of § in the guide [23], the
damping factor represents the tradeoff between system stability
and system bandwidth in a single number. The guide provides
the speed controller open loop magnitude and phase response
as a function of different § from 1 to 70. At the same time, it

provides the close loop bandwidth and step response of speed
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controller as a function of 8. The results show that value below
2 are usually unacceptable due to the large amount of overshoot.
At the other end of the scale, values much above 30 usually do
not work either because of the extremely long rise and settling
times, as seen in the step response curves. 8 should be chosen
between the value from 2 to 30.

_ !
K}n‘ - ]<}1[
, (20)
K, =K %K,
”w
_ 7!
K})I - K}).r
c e
K, =K %K,
where K, K, K, K;; are the current and speed loop PI

coefficients using in experiments, respectively.

The space vector pulse width modulation (SVPWM) of the
voltage fed inverter can be given by following equations in terms
of vy, v, and v, as

vt _ 4, .
ty= <2 =-"2(p;c086, — v, 5in6,)
Vde 2 3”{[[

by = ;—2 (p[/ cos (6, - %7‘[) — 7, sin <6r - %77)), (22)

Vg

te = L2 (vd cos (9, + %71') — 1, sin <9, + %7‘[))

3uy,

% Lypax i (2 3)

loffr =4 T 2

where »,, v, v, represent the voltage of a, b, ¢ phase winding,
respectively. 8, is the rotor angle obtain from encoder. 7, rep-
resents the motor system carrier step time. 7, #;, 7, mean the
equivalent a phase, b phase, ¢ phase time for the load side. 7, 1,
denotes the time shifting value for SVPWM generation. The
maximum value and minimum value in the 7, 7, 7, tepresent
the value of #,,,, ¢,,, respectively. The MOSFET on time and

maxs “nin>

off time 7, and 7,, /7 in one carrier step can be calculated as
follows
)
Laon = ? — Iy f/)ffm" (24)
=2+ 25
tﬂoff - 2 Tas tof]‘}fet' ( )
3.5.2 | Sensotless DTC system

Direct torque control is a method for controlling the stator flux
linkage to lead the rotor flux, rotating the motor. The con-
ventional idea of DTC is applying a hysteresis controller for
both flux and electromagnetic torque [24]. DTC has a rapidly
dynamic response since thete is an inner PI loop torque out-
put. But also, DTC is no current loops. Hence the current is not
regulated directly. In order to solve the influence of zero vector
on flux linkage control and also to solve the abrupt change of
current. The proposed sensotless DTC scheme with speed duty
ratio regulation is presented in Figure 6.

D | Duty
Controller
Voltage
Ds 5. T T Ler s Look-up
g PL A S— "? | el 1PMSM
[ Speed Speed T, nverter
controller  limiter 0, deyz il i
A A A
Torque Clark
Estimate Sector Transfrom
*
Speed
LPF Estimate

FIGURE 6 Sensotless DTC block diagram

The electromagnetic torque can be expressed as follows.

3
7. = SN, Waip — Yic)- (26)

And the stator magnetic flux linkage and the reference value
of flux linkage can be expressed by the discrete Euler integration
method as

. ’
Yoert)y = Yoo + (e — Rigp)to =, + vyto,

' ‘ @7)
lp;,é ~ llb.rk - erj(k.—l)f_rZy
Eﬂ
= > 28
b, T 28)

where P, Pty Pse—1), are this moment of stator flux
linkage, the next motor system sampling period 7, stator
flux linkage, the last sampling period stator flux linkage,
respectively. the ¥,, E,, f, ate the rated flux linkage, rated
back-electromotive force and the frequency of the rated
speed.

The pute integrator of ¥, involves the drift of the flux link-
age origin and the saturation problems. To solve the problems,
the pure integrator is replaced by a low pass filter (LPF). The
estimated stator flux by the LPF can be given as

21— 1,
21+ 1y

¢51é +

X6 + Xet1))

, 29)

o
¢:(/«+1) = 2T+ 1, (

Xy = v — Ry
X+1) = VUse+1) — Ry(/e+1>iy(xe+1)

where x4, x(¢41) tepresent this step input of LPF and the next
step input of LPE respectively. T is the time constant.

The origin drift can be considered as an effect of the constant
error in the short term. An error in resistance value changes the
origin of the flux linkage which makes it away from the point (0,
0). After a few turns of the flux linkage, the motor will eventually
out-of-step. Under the result of LPE a constant error will be
offset over the period of flux linkage one revolution as a circle.
Eventually, the origin will return to the point (0, 0).
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TABLE 1 PWM output switching table during forward acceleration or

reverse deceleration

TABLE 2 PWM output switching table during forward deceleration or
reverse acceleration

Flux sector

Flux sector

A, AT, 1 2 3 4 5 6 AV AT, 1 2 3 4 5 6

0 1 v v 122 v & oo 1 Vs 5 7 12 Vs v
0 v Z v Z v v 0 v Z % Z v v

1 1 v v A Vi Vi Voo 1 v 4 12 2 v Vs
0 1% 4 1% 127 2 123 0 v 17 v 5 v 41

After the flux estimation, the equations of estimated rotor
angular and estimated motor speed are obtained by the
following

l,br = ¢5 - ]JJZJ ~ ¢:
) (30)

_ (g — R;iﬁ)¢a — (v — R:ia)lnbﬁ, 31)

Y+

~

0, arctan (1/)

~ A4y,
U=y

where 7, 9,, é,, @, represent the stator current, rotor flux link-
age, estimate rotor angular, estimate motor speed. The stator
flux linkage is far greater than the result of the product 7, and
¥,. Thus the rotor flux is approximate with stator flux. Since
the estimated speed is disturbed by the flux integration time,
the result fluctuates, and LPF is required.

In order to keep the fast system response time, the output
speed duty ratio is used to replace the conventional hystere-
sis control. In conventional control, hystetesis is used to avoid
the predicted rotor linkage exceeding the control trajectory too
much, making the torque fluctuate. Thereby causing the entire
system to fluctuate. Therefore, the speed duty ratio regulation is
described as follows

Do = == + 03, (32

@
Coﬂ

where the 1,5 is the lookup table output duty, w, is the motor
rated speed, and ¢, represents the minimum coefficient from
5% to 10%. Whether it is the hysteresis method [25] ot the
speed duty cycle method, their main significance among oth-
ers is to avoid the zero vector in SVPWM from disturbing the
flux linkage waveform and moving it away from the intended
circular shape.

Considering the lookup table, the conventional DTC method
with hysteresis comparator was proposed in [25]. The selection
of suitable voltage vectors from the lookup table depends on
the torque and stator flux linkage demand. In general, the rule
is showed in a Tables 1 and 2.

Where the sector depends on the calculated rotor angle é,,
the trend of A, and A7, means the difference between the
reference and estimated value of flux linkage and torque.

TABLE 3 MPPT control board parameters

DC link capacitor Cj, 50 uF
Number of DC link capacitor 10

N-buck converter average output voltage 7, 50V
Microchip minimum operation voltage »,,,, 20V
Working area of auxiliary power supply 20V ~ 60V
TABLE 4 IPMSM parameters

Number of pole pairs IV, 2

Rated speed 3000 t/min
Rated torque 03N-m
Rated voltage 1, 48V

Rated current 7, 5.85A
Stator inductance /7, 0.4984 mH
Armature resistance R, 0.4615Q
Phase back-electromotive force(EMF) £, 14.03 V

4 | SIMULATION AND EXPERIMENTAL
RESULTS

The specifications of MPPT control board are provided in
Table 3. The IPMSM which was designed for high speed, low
torque operation, its specifications are given in Table 4.

Now, the value of the maximum adjustment time 7, =
0.005571 s is obtained from Equation (6) when the motor
works on the rated range. The PI coefficients of FOC cur-
rent and speed loop are also calculated as K, = 0.1519,
K, = 0.0925, K,, = 0.2815, K,; = 0.3225. The stator rated flux

linkage 1, = 0.05 Wb.

4.1 | Simulation

This simulation was built under the Simulink platform in order
to prove the feasibility of this control method, when the drive
operates in the 0.3 N - m torque at 3000 r/min. The simula-
tion 7, and 7, are the PWM period and were set to 2 X 107 s
and 1 X 10™* s. The MPPT system and motor system sampling
petiods are selected cause the accuracy of the output trajectory.
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FIGURE 7 Radiation temperature characteristics and simulation results
of system speed, torque and duty cycle. (a) Radiation and temprature
characteristics of PV, (b) ESC based MPPT algorithm and conventional FOC
scheme output results, (¢) ESC based MPPT algorithm and sensotless DTC
shceme output results

According to the calculation results, it represents that the entire
simulation system has to be adjusted within in 4 carrier waves.
Figure 7a shows irradiation and temperature characteris-
tics. The sunlight irradiation changes immediately during the
time # € [1.25,1.55) s around the environment such as deserts.
Figure 7b,c shows the motor speed, torque and PV output
power of FOC and sensorless DTC, respectively, when the sun-
light irradiation dropped by 40% lower, then quickly recovered.
Due to the drop and no electricity environment, the motor

speed can no longer maintain. Consequently, the torque ampli-
tude decreased when the speed diminished. It is necessary to
reduce the duty cycle to obtain the current MPP given that the
changes in PV output characteristics are caused by the decrease
in irradiance. For the speed of FOC scheme in Figure 7b, it
reached 2560 r/min when it fell to the lowest point in the recov-
ery time. By compatison, sensotless DTC in Figure 7c got to
2480 r/min in the recovery time of the lowest point. For torque
response time, sensotless DTC is 0.019 s greater than FOC and
the adjustment time “Time 1°. It is evident that substituting the
drop speed and drop output power into Equations (14) and (15),
leads to the FOC Dy,,; = 0.956 and DTC D,,,,1 = 0.786.

It follows from the simulation results shown in Figure 7
that the proposed control scheme is robust to irradiation
and temperature drops in the short term. Practical experi-
ments can be carried out to verify the feasibility of long-term
continuous operation.

4.2 | Experimental results

The proposed scheme has been tested on the experimental
test-rig, as shown in Figure 8. During the test, the IPMSM
was loaded by a dynamometer in Figure 8d. The torque was
measured by a high precision torque sensor, Model 8661 from
Burster. The PV simulator ETS80X10.5C from the AME-
TEK was used to simulate the characteristics of PV panels
and sunlight irradiation. Only one PV panel output was used
in the experiment instead the PV array. The control board
of MPPT system uses the microchip, type STM32F103CBT6
from STMicroelectronics is shown in Figure 8b. Using 48kHz
as the MPPT system PWM frequency, 7, = 2.0833 X 107 .
The motor control board uses the DSP in Figure 8c, type
TMS320F28335PGFA from Texas Instruments which pro-
ceeded carrier interruption in 10 kHz. Means the motor system
adjustment time 7, = 1X 107" 5. According to Equation (6)
and Table 3, the whole system must be adjusted within 56 carrier
waves each time it meets irradiation drop during the experiment.

For compatison, different irradiation situations: cloudy day
and heavy clouds day were operated. In Figure 9a and
Figure 10a, as evident at first glance that the variation of irra-
diation and temperature in the cloudy day are more moderate
than that in heavy clouds day. It can be known that the require-
ments for the entire system will be higher than it in heavy clouds
day. It also requires for faster adjustment time.

The entire experiments were set to 265 s per time, adding
a load of 0.15 N - m when the speed reaches 3000 r/min. As
shown in Figure 9a and Figure 10a, the experiments both started
at 35 s and ended at 300 s. In cloudy day, the irradiation started
at 200 W/m? to 1000 W/m?, ended at 800 W/m? and the tem-
perature rose till 80°C. In heavy clouds day, the irradiation drop
from 1200 W/m? to 300 W/m? within 10 s and the temperature
drop from 80°C to 30°C at the time of 180 s inside the ellipse
in Figure 10a. That temperature cycle simulates the course of
an entire daytime. Also, in order to demonstrate the sensor
and sensorless control scheme robustness, two controls were
compared: FOC and sensotless DTC. In Figures 9b and 10b,
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(a) Overall test-rig
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(c) Inverter and its control part

(d) IPMSM, torque sensor type 8661 and load DC motor

FIGURE 8 Experimental test-rig and and its component. (a) Overall test-rig, (b) Converter and its control part, (c) Inverter and its control part, (d) IPMSM,

torque sensor type 8661 and load DC motor

the MPP trajectories of cloudy day and heavy clouds day on
each control method are demonstrated. And an open-loop FOC
start method is operated since the DT'C has a huge torque ripple
at low speed region. Figures 9c,d and 10c,d shows the value of
phase current 7,, 4, 7. and 4, within time 0.5 s, FOC and DTC
scheme, respectively. Figures 9¢,f and 10e¢,f shows the whole-
time torque, speed, and output power of the FOC and DTC
scheme, respectively.

The MPP trajectory in Figures 9b and 10b showed the MPP
performance point respected the z-axis time. The colours range
from dark blue to light yellow, and deep to shallow represents-
the time from small to large. As it could be seen, in order to
balance the PV output and motor output, MPPT controller was
adjusting the MPP according to irradiation, and the motor con-
troller was also changing the output power. The points off-track
in Figure 10b represent rapidly changing MPP, still less than the
power required by the motor system. Therefore, the motor con-
troller reduces its output power based on Equations (16) and
(17). When the irradiation is restored conversely, it increases
output power again, bringing MPP back to the original trajec-
tory. Compared to heavy clouds day, the fluctuation of the curve
for cloudy day is relatively small. Accordingly, the rotational
motor speed and torque are also more stable.

Subsequently, Figure 9c,d shows the voltage regulation range
of FOC was wider than that of DTC. Instead, the DTC had
more current glitches and adjustment range. As a result, in the

MPPT scheme, the D, noted the variation of the outer PI
loop of FOC is larger than that of the DTC. Note that the value
of stator flux linkage in DT'C was real-time calculated from (14)
and it is proportional to £,. Similarly, the 17, in the FOC had
same relationship with Z,. However, the difference was that
FOC has a precise speed value provided by the encoder which
reduces the fluctuation of the system. Consequently, the DTC
had greater fluctuation in the rotation speed. For Figure 10c,d,
the voltage and current waveforms are jittered because they rep-
resent the time when the irradiance drops and fluctuate sharply
by 0.5 s.

During the whole experiment in Figures 9¢,f and 10e,f, nei-
ther FOC nor DTC had the phenomenon that the controller
systems power failure by causing the adjustment time is greater
than 7, = 0.005571s. Where the irradiation dropped to 300
W/m? at the time of 100 s, 130 s, 190 s in Figure 10 ef, the
FOC method changed the speed to 2450 t/min, 2350 r/min,
1102 t/min, respectively. The motor torque was maintained at
around 0.15 N - m. Under the effect of them, the motor output
power reduced to 32 W, 30 W, 11 W. The DTC method adjusted
the speed to 2250 r/min, 2193 r/min, 905 r/min, respectively.
The torque had a huge ripple around 0.15 N - m. The motor
output power came to 26 W, 20 W, 9 W.

At the time of drop and recovery, the speed fluctuation of
sensotless DTC was 8%, and the torque was within 5%. The
FOC speed and torque fluctuations were relatively less than 2%.
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(e) Cloudy day FOC output speed, torque and power characteristics from

dynamometer

FIGURE 9

(f) Cloudy day sensorless DTC output speed, torque and power character-

istics from dynamometer

Output results of FOC and sensorless DTC speed, torque and power in cloudy day. (a) System radiation and temperature characteristics in cloudy

day, (b) Cloudy day MPP trajectory and P-V curve of FOC and sensotless DTC, (c) Cloudy day oscilloscope waveform of FOC 17, and 7,, 7, 7, within 210 s to
210.5 s, (d) Cloudy day oscilloscope waveform of DTC 17 and i, 4, 4. within 210 s to 210.5 s, (¢) Cloudy day FOC output speed, torque and power chacteristics

from dynamometer, (f) Cloudy day DTC output speed, torque and power chacteristics from dynamometer

It must be noted that, DTC regulated the speed and torque
at the drop time within 0.4 s. When the irradiation drops sev-
eral times between time # € [100, 170) s, the speed of FOC and
DTC both fluctuated in different magnitudes among 1% to 5%.
However, a greater difference in the magnitudes range could
be noticed.

The experiment results in Figure 10 ef indicated that, in the
absence of power electricity, a pump system fed only by PV can
operate without power down under sunlight irradiation rapidly
dropping, This experimental result verifies the feasibility and
accuracy of the control method in this paper. An algorithms
such as extended-Kalman filter and sliding mode control can

519017 SUOLLILLOD SAIIEID 3ot idde U1 Aq peussA0b a1 a1 WO 38N 10 SN 10} ARIGITBUIIUO ABIAN L0 (SUO1IPUCO-DUE-SLLBILCY" A8 |IW ARG 1PUIUO//SCY) SUONIPUOD PUE S 1 84} 385 *[2202/2T/80] U0 AXiq1 1 8UlIuO A8l *Areiai AseAIUN BueAuer Aq €252 T ZPd/6r0T OT/I0pALCY" A8 |1 A I PUIIUO Yo IEas . 1/ SANY WOJY POPROjUMOQ ‘0 ‘EvGrSG.T



12 DAL ET AL.
o 0 0 '
4 Power (W) Voltage (V) 49 50 51 52 53 54
§ Voltage (V)
#
g PV e R e G
0 049 56 51 52 53 54
0 . 10 20 30 40 . P W Volt \%
Drop time Time (s) (10~1) Recover time ower (W) oltage (V) Voltage (V)
(a) System radiation and temperature characteristics in heavy (b) MPP trajectory of FOC and sensorless DTC scheme
clouds day
N I A N R 1 I P G R P £0 r I __1__T __T1__T__1__ 1
50 T T [ [ | |
= 4T < TR T R T T Y D R
< 140 = A i i
ok pr b e gk o - b — g — o — o — P f y I ' AT
MDA | 5 bt
& AN e MMMW g
4p--r--1--T--1-—{—" b o Vel F—-T—-—T-—-T——-T——{—" —,
0 005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 035 04 045 05
Time (s) Time (s)

(c) Heavy clouds day oscilloscope waveform of FOC vg. and iq, ip,
within 190 s to 190.5 s

le

(d) Heavy clouds day oscilloscope waveform of sensorless DTC v4. and
ia, Bp, tc Within 190 s to 190.5 s

. ' po— pp—— _ ' \ T T
© 3000 ——— Speed] Y Y \VARR! B £ 3000 Spood PN/ N AR — — — o=
S S ]
S 2000k — — - 2000 VN L —H = | 2400 |
= 5 2000 1900 ‘ i
B 1500 f ‘ y \ 3 1400 ' ‘ ‘
8 1000 05 i | v — 1 &1o00r o g Y -
. | 210 | 220 1230 L | 2 | 210 | 220 1230 | l
0 50 100 150 200 250 0 50 100 150 200 250
0.2 T
3 |
015
o 01 L
=1 |
o
5 0.05 =
S
0 |
250
= =60
S g !
2 of : |
5 |
g | 40
2 5 [ @ \
5 ‘ 520 T
o o
= 0 | | | | = 0 | |
0 50 100 150 200 250 0 50 100 150 200 250
Time (s) Time (s)

(e) Heavy clouds day FOC output speed, torque, power characteristics from

dynamometer

(f) Heavy clouds day sensorless DTC output speed, torque, power charac-
teristics from dynamometer

FIGURE 10 FOC and sensorless DTC output speed, torque, power results in heavy clouds day. (a) System radiation and temperature characteristics in heavy
clouds day, (b) Heavy clouds day MPP trajectory and P-V curve of FOC and sensorless DTC, (c) Heavy cloudsday oscilloscope waveform of FOC 17, and 7, 7, i,
within 190 s to 190.5 s, (d) Heavy clouds day oscilloscope waveform of DTC 1, and ,, 7, 7, within 190 s to 190.5 s, (¢) Heavy clouds day FOC output speed, torque
and power chacteristics from dynamometer, (f) Heavy clouds day DTC output speed, torque and power chacteristics from dynamometer

be used to achieve a smoother speed curve for the torque
fluctuation problem considered in sensorless control. The
proposed control method can also be used in similar loads such
as fan only when we select different parameters. This will also
be discussed in future research.

5 | CONCLUSION

This paper presents the design considerations of a twp-stage
topology of PV pump motor system. First, the maximum
adjustment time of the overall system was obtained based on the
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energy storage equation of the capacitor and the output equa-
tion of the synchronous motor. Then, the initial duty cycle of
the negative buck converter was obtained based on the output
characteristics of the PV. Next, the duty cycle output rule of
the ESC-based MPPT algorithm was proposed. The relation-
ship between the MPPT control algorithm and the command
speed of the motor system wetre derived. Finally, for com-
parison purposes, two control schemes, FOC and sensorless
DTC were introduced. And it applied to a test-rig feature with
an IPMSM. The results indicated that proposed coordinated
method can provide continuous balancing operation only by the
one PV panel.

Tests have also revealed that extended kalman filter algo-
rithms may further reduce speed fluctuations. This research
provides insights into the future work of applications on
different loads.
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