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Intelligent PV Power System With Unbalanced
Current Compensation Using CFNN-AMF

Faa-Jeng Lin

Abstract—A novel method is proposed to compensate the
three-phase unbalanced currents of power grid under three-phase
unbalanced load for a two-stage photovoltaic (PV) power system
without the augmentation of active power filter. The PV power
system is composed of an interleaved dc/dc converter and a three-
level neutral-point clamped inverter. Moreover, the PV power
system possesses the smart inverter function, in which the output
active and reactive powers of the PV inverter are predetermined
by a power factor according to grid codes of the utilities. In the
proposed method, dg0-axis compensation currents are obtained
through low-pass filters to compensate the three-phase unbalanced
currents of power grid. Furthermore, in order to improve the
control performance of the dc bus voltage of the PV power system
under unbalanced load variation condition, an online-trained
compensatory neural fuzzy network with an asymmetric member-
ship function (CFNN-AMTF) is proposed to replace the traditional
proportional-integral controller for the dc bus voltage control.
In the proposed CFNN-AMF, the compensatory parameter to
integrate pessimistic and optimistic operations of fuzzy systems
is embedded in the CFNN. In addition, the dimensions of the
Gaussian membership functions are directly extended to AMFs.
Additionally, the proposed controllers of the PV power system are
implemented by two control platforms using floating-point digital
signal processor. Finally, excellent compensation performance
for the three-phase currents of power grid under three-phase
unbalanced load can be achieved from the experimental results.

Index Terms—Asymmetric membership function (AMF),
compensatory neural fuzzy network (CFNN), interleaved dc/dc
converter, photovoltaic (PV) power system, smart inverter, three-
level neutral-point clamped (NPC) inverter, unbalanced current
compensation.

I. INTRODUCTION

INCE the large amount connection of distributed energy
S sources (DESs) can introduce a negative impact on the sta-
bility and reliability of the power grid, there are more and more
grid codes demanding DESs to imitate the conventional power
plants to inject or absorb reactive power to support the stability
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and reliability of the power system [1]-[3]. Especially the high
penetration of photovoltaic (PV) generators or power systems
leads to a voltage rise in the distribution network. Moreover,
distribution networks have a fixed permissible voltage range to
avoid the equipment damage. This voltage range might be ex-
ceeded for high penetration levels of PV, and it is the key factor
to limit the available capacity of the grid-connected PV for a
distribution network. To comply with grid codes, distribution
system operators need to limit this voltage rise and the reactive
power control is one of the most proposed methods [2]. Further-
more, the utilization of customers’ resources such as the control
of active and reactive powers of smart inverters or energy stor-
age units can effectively deal with the problem of voltage rise
[3].

The compensatory neural fuzzy networks (CFNNs), which
are built by both control-oriented fuzzy neurons and decision-
oriented fuzzy neurons, can effectively adjust fuzzy membership
functions and optimize fuzzy reasoning by using a compensatory
learning algorithm [4]-[6]. A new fuzzy neural network (FNN)
technique called CFNN by adding a compensatory parameter to
integrate pessimistic and optimistic operations of fuzzy systems
was proposed in [4]. In the proposed CFNN, the pessimistic
operation can map the inputs to the pessimistic output by mak-
ing a conservative decision for the pessimistic situation. The
optimistic operation can map the inputs to the optimistic output
by making an optimistic decision for the optimistic situation.
Since an FNN without normalization converges faster than an
FNN with normalization and requires less memory and compu-
tation time, a CFNN without normalization and being trained
by a back-propagation (BP) learning algorithm was proposed
in [5] for pattern recognition. Furthermore, in [6], a recurrent
compensatory neuro-fuzzy system (RCNFS) for identification
and prediction was proposed. A recurrent network is embedded
in the proposed RCNFS by adding feedback connections in the
second layer, and the feedback units act as memory elements.
In addition, asymmetric membership functions (AMFs) have
been adopted in several approaches to optimize the number of
fuzzy rules and improve the learning capability of the neural
networks [7], [8]. In the AMFs, the dimensions of the standard
Gaussian or triangular membership functions are directly ex-
tended to AMFs. Therefore, the learning capability of the net-
works can be upgraded and the number of fuzzy rules can be
further reduced.

The active power filter (APF) is one of the powerful tools
to compensate the load harmonics, unbalanced load currents,
and reactive power and has been widely adopted to improve the
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power quality [9]-[12]. Owing to its simplified structure, the
shunt APF has become the most widely employed type [13]-
[15]. In order to compensate load harmonic currents, a shunt
APF is directly connected with the power grid and loads in
parallel, and is used to generate compensation currents [13]—
[15]. Moreover, since the control algorithm of the APF will
cause a large amount of apparent power, which includes the
active power for the losses and reactive power for the capacitor,
flowing into or out of the APF, a dc bus capacitor is required
on the dc side of the APF to release or absorb the apparent
power [16], [17]. Therefore, the regulation control of the dc
bus voltage of the APF is important especially under the load
variation condition. However, traditional proportional-integral
(PI) controller has been adopted for the dc bus voltage regulation
control only resulted in sluggish responses [16], [17].

The current grid-connected PV power system lacking the ca-
pability to deal with the power pollution in the grid, which is
resulted from nonlinear and unbalanced loads. However, the
augmentation of the APF will increase the cost and size of
the PV power system. Therefore, a novel method is proposed
in this study to compensate the three-phase unbalanced grid
currents under three-phase unbalanced load in grid-connected
operation for a two-stage PV power system without the aug-
mentation of APF. The PV power system is composed of an
interleaved dc/dc converter [18], [19] and a three-level neutral-
point clamped (NPC) inverter [20]. In the proposed method,
the dg0-axis harmonic currents are augmented to the dc bus
voltage controller for active power controller, reactive power
controller, and dc bus voltage balancing controller, respectively,
to compensate the three-phase unbalanced currents. Moreover,
in order to improve the control performance of the dc bus volt-
age of the PV power system under unbalanced load variation
condition, an online-trained CFNN-AMEF is proposed to replace
the PI controller for the dc bus voltage control. In the proposed
CFNN-AMF, not only the compensatory parameter to integrate
pessimistic and optimistic operations of fuzzy systems is em-
bedded in the CFNN, but also the dimensions of the Gaussian
membership functions are directly extended to AMFs. Further-
more, a BP-based online training algorithm is derived to train
the connective weights and parameters of the membership func-
tions of the proposed online CFNN-AMEF. In addition, the pro-
posed controllers for the PV power system are implemented by
two control platforms using the Texas Instruments (TI) floating-
point digital signal processor (DSP) TMS320F28335. In this
study, the operating theories of the PV power system with the
three-phase unbalanced grid currents compensation will be in-
troduced in Section II. The network structure and online learn-
ing algorithms of the proposed CFNN-AMEF will be described in
Section III. Then, the detailed implementation of the intelligent
CFNN-AMF-controlled PV power system will be presented in
Section IV. Finally, the conclusions can be found in Section V.

II. PV POWER SYSTEM

In this study, a PV power system with two-stage circuit ar-
chitecture is developed as shown in Fig. 1. The first stage is an
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Fig. 1. Block diagrams of a PV system. (a) Interleaved dc/dc converter.
(b) Three-Level NPC inverter.

interleaved dc/dc converter shown in Fig. 1(a) [18], [19] and
is responsible for the power transmission from the PV panel
terminal to the dc bus. The second stage is a three-level NPC
inverter shown in Fig. 1(b) [20] and is responsible for the power
transmission from the dc bus to the three-phase grid system. In
Fig. 1(a) and (b), mode I is the maximum power point track-
ing (MPPT) mode, and mode II is the smart inverter mode, in
which the output active and reactive powers of the PV inverter
are predetermined by a power factor according to grid codes of
the utilities.

In Fig. 1(a), Vv is the voltage of the PV panel; I, is the
current of the PV panel; C), is the input capacitor of the dc/dc
converter; ihat ¢ » that b, and 7p,¢ - are inductors of the dc/dc con-
verter; Dy, Do, and D3 are diodes of the dc/dc converter; ),
(2, and 3 are insulated-gate bipolar transistors (IGBTs) of the
dc/dc converter; C. is the capacitor of the dc bus; 4}, and iyt o,
That b that ¢ are the input current command and converter input
currents of the dc/dc converter; I;;V is the maximum current
command of the PV panel; V, and V;. are the dc bus volt-

age command and dc bus voltage; V¥, . is the pulsewidth
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modulation (PWM) signal at mode I; V. ., Vi, and V7
are the PWM signals at mode II. In Fig. 1(b), C| and C, are
capacitors of the dc bus; Q 41-Q 44, Qp1-Qp4, and Qc1—-Qc4
are IGBTs of the dc/ac inverter; D 41, Dao, Dp1, Do, Do,
and D¢4 are clamped diodes of the dc/ac inverter; L,, Ly, and
L. are filter inductors of the dc/ac inverter; C,, (', and C.. are
filter capacitors of the dc/ac inverter; R,, R;, and R, are the
three-phase unbalanced loads; V;; and Vs are the half high
voltage and half low voltage of the dc bus voltage; i, i,, and
1.0 are the three-phase currents of the dc/ac inverter; ¢, 75, and
1 are the three-phase currents of the unbalanced loads; i, 25,
and 7., are the three-phase currents of the grid; vq4, 34, and
Vg are the three-phase voltages of the grid; V,, V;, and V. are
the three-phase voltages of the dc/ac inverter, which are also the
three-phase voltages of the primary side of the three-phase Y-Y
transformer as shown in Fig. 1(b); 6; is the synchronous angle
obtained from the phase-locked loop; V", V;*, and V" are the
three-phase voltage commands of the dc/ac inverter for the sinu-
soidal PWM (SPWM); V', V", and Vi are the dq0-axis SPWM
voltage commands of the dc/ac inverter; 4, is the dc bus current
command; 7}, i(’;a, i, and iq,, 140, 0, are the dqO-axis current
commands and dq0-axis currents of the dc/ac inverter; P and )
are the active and reactive powers; P* and (Q* are the active and
reactive power commands; ¢, is the active current command;
144 1s the reactive current command; 4, is the current command
for the balance of the dc bus half voltages V;; and Va3 i1, 741,
and ig; are the dg0-axis currents of the unbalanced load; and
Zdz, iq7, and z()z are the dq0-axis compensated currents of the
unbalanced load. The axis conversion between the i,,, %0, co
and i4,, i40, 100, Vy, V* Vooand V5, V5, VIE, and dgq, 90, G
and %q;, iq, o) are shown in the following:

[0 ] cosf; cos (0; — &) cos (0 +3F) | a0
o | = = in O: i 2 3 .y 2T bo
4 3 suiﬁt sin (Hl L) sin (HLL—&— ) Z.b

L 200 | 2 2 2 lco

()

[V cos 0; sin 6; 1 vy
Vi | = |cos(6; — %) sin(6;, —3) 1 vy 2)

LV cos (0; + &) sin(6; + %) 1 Vi
Tar | cos b; cos( ; — 27”) cos (91» + %”) Tal
g | = 2 sinf; sin ((9,' - 2?”) sin (9,5 + 2?”) pl
; 1 1 1 .
ot | 3 bl 5 Lel

3

For the interleaved dc—dc converter, in mode I, the perturb
and observe method is adopted for the MPPT. The difference
of the I} and I, is regulated by a PI controller to produce
the control signal command V3, , . for the PWM. In mode II,
average current control method is adopted where the difference
of the dc bus voltage command VJ, and dc bus voltage V.
is regulated by a PI or the proposed CFNN-AMF controller
to produce the current command iy, of the dc/dc converter.
Then, the current command 4}, is divided by three for the three
arms of the dc/dc converter, and the differences between the
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current commands and the sensed phase currents iyt o, that bs
and iy, . are regulated via an individual PI controller to generate
the control signal commands V., Vi .. and V7 . for the
PWM.

For the three-level NPC inverter, it is controlled by the dq0-
axis current control. The d-axis current control is responsible for
the reactive power control by using the reactive power current
command 7}, . The g-axis current control is responsible for the
active power control by using the active power current command

iyo- In mode I, the difference of the dc bus voltage command
Vi and dc bus voltage Vg is regulated by a PI or CFNN-
AMF controller to produce the dc bus current command i,
for maintaining the constant dc bus voltage. In mode II, first,

*and Q" are determined according to the grid codes of the
utilities, in which the lagging power factor is set as 0.9 for the
PV inverter output when the grid voltage is 5% higher than the
normal voltage. Then, the control loop of P regulates the control
output %,,, which is the active current command, through a PI
controller; the control loop of @) regulates the control output
i44, Which is the reactive current command, also through a PI
controller. Moreover, the 0-axis current control is responsible
for the balance of the upper half dc bus voltage V;; and the lower
half dc bus voltage V2 by using a PI controller to generate the
0-axis current command 7, .

To develop the compensation function of the three-phase
unbalanced currents under three-phase unbalanced load in
grid-connected operation, three resistors R,, R, and R, are
designed to be unbalanced and are connected with the grid
of a distribution system. The resulted non-sinusoidal currents
could deteriorate the power quality seriously in the distribution
system. Therefore, the control strategy proposed in Fig. 1(b)
can compensate the three-phase unbalanced currents caused by
unbalanced loads R, Ry, and R,.. The three-phase load currents
Tal, tp1, and 7.; are detected and transferred to dq0-axis currents
idl, iy, and iy, respectively, in the synchronous reference
frame. Then, the dc components are extracted via two low-pass
filters which the transfer functions are designed as follows [21]:

kw?
52 + 2fws + w?

T(s) = “)

where the gain £ = 1, damping ratio £ = 0.7, and angular cutoff
frequency w = 207 rad/s. The dc components are subtracted by
tq; and i, to generate dg-axis current harmonic components i
and qu, and the 7¢; is named as the zero-axis current harmonic
component ig;. The control current 4, is added to the g-axis
current harmonic component %q, to obtain the g-axis current
command ;,. The control current i4, is added to the d-axis

current harmonic component 7,4 to obtain the d-axis current
command 4}, and the control current ip, is added to the
zero-axis current harmonic component %gl to obtain the axis
current command ¢;,. The individual difference between the
current commands %, i;o, 1y, and the current 4., g0, %00
is regulated via three PI controllers to generate the respective
dq0-axis voltage commands Vq , Vi, V' Then, Vq* V', and Vj
are converted to voltage commands V", V", and V" in abc-axis
for SPWM by using the synchronous angle 6;.
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Fig. 2. Four-Layer CFNN-AMF. (a) Network structure. (b) Asymmetric
Gaussian function.

III. NETWORK STRUCTURE AND ONLINE LEARNING
ALGORITHM FOR CFNN-AMF

A. Network Structure

A four-layer CFNN-AMF, which includes the input layer
(layer 1), the membership layer (layer 2), the rule and compen-
sation layer (layer 3), and the output layer (layer 4) with two
inputs and one output, is shown in Fig. 2(a). Moreover, the signal
propagation and the basic function of each layer are introduced
in the following.

1) Layer I (input layer): In the input layer, the input and

output nodes are represented as

net;(N) =e; (5)
5(N) = fi(nets (N)) = nets(N) i=1,2  (6)

where x; represents the ith input to the input layer; and
N represents the Nth iteration. In this study, the input
variables are the tracking error, which is e;(N) =e =
V3. — Vi for dc bus voltage control, and its derivative
€9 (N ) =é.

2) Layer 2 (membership layer): In the membership layer,
each node utilizes an asymmetric Gaussian function to
realize the fuzzification operation in the CFNN-AMF as
shown in Fig. 2(b). The node input and output of this layer
are presented as

net; (N) =

@M NP
() s

_ (M(Z(Vo)rj_(;\fn;)gN)) , mj <zi(N) < oo

)
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pi(N) =
fj(net; (N)) =exp(net; (N)),

where 1 (V) is the layer-2 node output; m; is the mean
of the asymmetric Gaussian function in the jth term asso-
ciated with the ith input variable; and 0;; and o, ; are the
left-hand-side and right-hand-side standard deviations of
the asymmetric Gaussian function in the jth term associ-
ated with the ith input variable.

3) Layer 3 (rule and compensation layer): Nodes in this
layer represent the precondition part of one fuzzy logic
rule. The compensatory operator mentioned previously is
adopted here to perform IF-condition matching of fuzzy
rules. As a result, the output function of each inference

i=1,2,....6 (8

node is
=TT wan, ©
J
net (N) = (ug)' =7+ 0/m v =10.1] (10)
Ci(N) = fi(net;(N)) =net;(N), 1=1,2,...,9
(11

where n = 2; p;(N) is the input of rule layer; w;; is
the connective weight between the membership layer and
the rule and compensation layer which is set to be 1;
v, € [0,1] is called the compensatory degree; and C; ()
is the /th node output of the rule and compensation layer.
When , is tuned online as ,(N), the compensatory op-
erator becomes more adaptive. To ensure v, € [0, 1], the

c 2
e 122
where parameters ¢; and d; will be trained real time.
4) Layer 4 (output layer): In the output layer, the node output

is represented as

net, (N) = Zwl(N)CI(N)
]

compensatory degree ; is defined as ; =

(12)

Yo (N) = f,(net,(N)) = net, (N)

where y, (V) is the output of the CFNN-AMF; wj is the
connective weight between the rule and compensation
layer and the output layer, and C,(IN) represents the jth
input to the node of layer 4.

o=1 (13)

B. Online Learning Algorithms

To describe the online learning algorithm of the CFNN-AMF
using supervised gradient decent method, the dc bus voltage
control is taken for example. First, the energy function E(N) is
defined as

N 1
E(N) = 5(Vi, = Vao)? = 3¢

Then, the learning algorithm using the BP learning rule is
described as follows:

1) Layer 4: The error term to be propagated is given by

OF OF  0Vy.

5= — =—
¢ ayo (N) a‘/dc 3% (N)

(14)

~ete. (15)
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The weight is updated by the amount

)
= 8w1

OF  0y,(N

A
i M Oyo(N) Ow

(16)

where the factor 7, is the learning rate. The connective weight
w is updated according to the following equation:

wl(N—i—l):wz(N)—l—Awl. (17)

2) Layer 3: In this layer, the error terms to be propagated are

given by
. OFE OE  Jy,(N)
3_ _ _ 54
%= o) - @ aciy) v 18
v,(N) is defined as follows:
a’(N
() = &) (19)

CZQ(N) + dZQ(N) '
The parameters ¢;(N) and d; (V) are updated by the amount

OFE OE  9v(N)

~ () T " on(N) 9a(N)
0B 2a(N)d(N)*
0NN ((NY + di(N))
261 (N)dl (N)2
(a(N)? +di(N)?)°
0E IE  9m(N)
Utim = 37«,( ) dd;(N)
. —2¢/(N)*dy(N)
NN (¢(N)? + di(N)?)
—2¢;(N)?dy(N)

= naAy 5 3
(a(N)” +di(N)7)

AC[ =

= 1A

(20)

Ad; = —

2

2

9B 9C,(N)
9C|(N) 0m(N)

1—y+ 2L
=0 <—1> nglMJ In ijlﬂj
J

(22)

where the factors 7). and 7, are the learning rate of the parameter
¢; and d;, respectively. The parameters ¢;, d; and the compen-
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satory degree are updated according to the following equation:

a(N+1)=¢q(N)+ Ag

2¢)(N)d;*(N)
= (N) + 1. Ay (23
1(N) +, {[CZQ(N)+d12(N)]2} i (23)
di(N +1)=d;(N) + Ad,
QCZQ(N)d[(N)
=d;(N) — Ay, (24
(V) m{[C[z(NHde(N)]Q} Y (24)
(N +1) = @ (N +1) (25)

(N +1)+d*(N+1)

3) Layer 2: The error term to be propagated in this layer is

given by
52— OE OE 0C(N) Ow(N)
° Onet;(N) OCi(N) Op;(N) Onet;(N)
-+t
= Z5SN1 (1 -+ ) ijluy
(26)

Applying the chain rule, the update law of mean of the asym-
metric Gaussian function is

1)) OE  0Ou;(N)
Am; = —n — 7
Yom; P op(N)om,
277252%’ —o0 < z;(N) <mj
B 277252W, m; < z;(N) < oo
(27)
The update rules of 0;; and o,.; are
oF oF 8#1 ( )
Ao = — = J
T e T P o () doy
2
= 21382 (@; m?j) (28)
(015)
oF OE  Ou,;(N)
Aoy = —n un .
TG, T T B, () o,
o (T —m ’)2
= 277450 3] (29)
(7))

where the factors 75, 13, and 1), are the learning rates. The mean
and left-hand-side and right-hand-side standard deviations of
the AMFs are updated according to the following equations:

m;(N +1) =m;(N) + Am; (30)
Ullj(N—Fl):O'lj(N)—FAO'U 31
0,;(N+1) =0,;(N) + Aog,;. (32)

The exact calculation of the Jacobian of the system
OVac /0y, (N) is difficult to be determined due to the unknown
dynamics of the PV system. To overcome this problem, a delta
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Fig. 3. Flowchart of dc bus voltage control using the proposed CFNN-AMF.

adaptation law is adopted as follows [23]:

5L (Vie—Vao) + (Vi —Vao) =e+é. (33)

C. Procedure of DC Bus Voltage Control

The flowchart of dc bus voltage control using the proposed
CFNN-AMF is provided in Fig. 3 and described as follows.

1) Sample: The analog dc bus voltage signal is detected by
a voltage sensor circuit and converted to digital signal via
an analog-to-digital converter in the DSP. Then, the dc bus
voltage tracking error e = V', — V. is generated and sent
to the proposed CFNN-AMF control.

2) CFNN-AMF input layer: The input variables of the CFNN-
AMF are e and é. In the input layer, the node outputs are
1 = e and x» = ¢ and sent to the membership layer.

3) CFNN-AMF membership layer: The asymmetric Gaus-
sian function is adopted as the membership functions and
the outputs are 11; (/). Then, the outputs j; () are sent
to the rule and compensation layer, which represent the
precondition part of one fuzzy logic rule.

4) CFNN-AMF rule and compensation layer: The compen-
satory operator is adopted here to perform IF-condition
matching of fuzzy rules. The outputs are C, (') and sent
to the output layer.

5) CFNN-AMF output layer: The node performs the summa-
tion operation and the output is given as y, (V). Moreover,
the output of the CFNN-AMEF y, (V) is the g-axis current
command 44, in mode I and the current command 4;,, in
mode II for the dc bus voltage control in the three-level
NPC inverter and interleaved dc/dc converter, respectively.

6) Online network parameters learning using BP: The online
parameters learning is achieved by online tuning of the
connective weights w,; (/') between the output layer and
the rule and compensation layer, the parameters ¢,(N),
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Fig. 4. Photos of experimental setup. (a) Interleaved dc/dc converter, three-
level NPC inverter, and PV simulator. (b) Three-Phase unbalanced loads, Y-Y
transformer, and grid emulator.

d,(N), and r,(N) in the rule and compensation layer, and
the mean m; (V) and left-hand-side o;;(N) and right-
hand-side o, ; (V) standard deviations of the AMFs in the
membership layer using the BP algorithm.

IV. EXPERIMENTAL SETUP AND EXPERIMENTATION
A. Experimental Setup

The photos of the PV power system, including two DSP
TMS320F28335 control boards, are shown in Fig. 4(a) and (b).
The interleaved dc/dc converter, three-level NPC inverter, and
PV simulator are shown in Fig. 4(a). Three-phase unbalanced
loads, Y-Y transformer, and grid emulator are shown in
Fig. 4(b). For the dc/dc converter, the values of input capacitor,
three filter inductors, and output capacitor are 1175 uF,
0.52 mH, and 1175 pF, respectively. For the dc/ac inverter, the
values of capacitors of dc bus, and the values of inductors and
capacitors of three output filters are 3760 uF, 1.6 mH, and 10 uF,
respectively. The cutoff frequency f. of the output filter is
1.258 kHz. Moreover, the dc bus voltage command V], is set at
450 V. Furthermore, the switching frequency of the interleaved
dc/dc converter and three-level NPC inverter are both set to be
16 kHz. In addition, the sampling frequency 1 kHz is adopted
for the control algorithms of both stages.

In the experimentation, two unbalanced load conditions are
given in the following: R,, R}, and R, are 80, 40, and 100 €2,
respectively, in load 1; R,, Ry, and R, are 40, 20, and 60 (2,
respectively in load 2. Two test cases are configured as follows:
In case 1, three-phase voltages of the inverter V,, V;, and V,
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are set at 1 p.u. and PV power system is operated at mode I
(MPPT mode); inverter output power is set at 2 kW; and the
load conditions are switched from load 1 to load 2. In case 2,
three-phase voltages of the inverter V,, V;, and V. are set at
1.05 p.u. and PV power system is operated at mode II (smart
inverter mode); P* and Q* are setat 1.8 kW and —871 VAR with
lagging power factor 0.9; and the load conditions are switched
from load 1 to load 2. In addition, a three-phase unbalanced
current ratio Ug is defined in the following to compare the
compensation performance of the PV power system:

_ Max (dag, ings ieg) = Min (iag, iy, icy)

U 100% (34)

Average (iag, by, tcg)

where Max (iqg, g, %cg) is the maximum RMS current of
the three-phase currents i,,4, 4,4, and 4., of the grid;
Min (44, @b, %) is the minimum RMS current of the three-
phase currents iqq, i4, and i.,; and Average (iag, g, tcq)
is the average RMS current of the three-phase currents i,
ipg, and i.,. The lesser the value of the three-phase unbal-
anced current ratio Up, is, the more superior the compensation
performance is.

B. Experimentation

The experimental results of the PV power system under unbal-
anced load conditions without using the compensation function
of the three-phase unbalanced currents at case 1 and adopting
the PI controller for the control of DC bus voltage are shown in
Fig. 5. The responses of the inverter voltage V,, the three-phase
currents of the dc/ac inverter ¢,,, %0, %0, the three-phase cur-
rents of the unbalanced load i, i;, and ¢.;, and the three-phase
currents of the grid 4,4, 444, and 4., are shown in Fig. 5(a). The
dc bus voltage V. and the active and reactive powers P and @)
are shown in Fig. 5(b). From the experimental results shown in
Fig. 5(a), owing to the unbalanced load and the absence of the
compensation function, the three-phase currents 444, %4, and
i¢y of the grid are unbalanced with larger values of Ur66.4%
for load 1 and 63.5% for load 2. Moreover, in order to ver-
ify the effectiveness of the proposed PV power system under
unbalanced load conditions, the experimental results using the
compensation function of the three-phase unbalanced currents
at case 1 and adopting the PI controller for the control of dc
bus voltage are provided in Fig. 6 to demonstrate the compensa-
tion performance. The responses of the inverter voltage V,,, the
three-phase currents of the dc/ac inverter i,,, %5,, and i.,, the
three-phase currents of the unbalanced load i, i;;, and i.;, and
the three-phase currents of the grid 7,4, 734, and ., are shown
in Fig. 6(a). The dc bus voltage V;, and the active and reactive
powers P and () are shown in Fig. 6(b). The main objective of
the compensation function is to make the three-phase currents
of the grid i, 444, and 4., be balanced. Hence, from the exper-
iment shown in Fig. 6(a), the three-phase currents of the grid
lag» tbg> and i., can be compensated to be more balanced with
smaller values of U 8.47% for load 1 and 27.34% for load
2. The settling time is 0.33 s and the undershoot-to-overshoot
voltage is 15.2 V for the dc bus voltage V. shown in Fig. 6(b).
Furthermore, the experimental results using the compensation
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Fig. 5. Case 1 without three-phase unbalanced current compensation and

with PI dc bus voltage controller. (a) Responses of inverter voltage, three-phase
currents of inverter, three-phase currents of unbalanced loads, and three-phase
currents of grid. (b) Responses of dc bus voltage and active and reactive powers.

function of the three-phase unbalanced currents at case 1 and
adopting the CFNN-AMF controller for the control of dc bus
voltage are shown in Fig. 7. The responses of the inverter volt-
age V,, the three-phase currents of the dc/ac inverter 7,,, %o,
and 7.,, the three-phase currents of the unbalanced load 7., 7p;,
and ¢.;, and the three-phase currents of the grid i,4, iy, and 7.4
are shown in Fig. 7(a). The dc bus voltage Vj.and the active and
reactive powers P and ) are shown in Fig. 7(b). From the ex-
perimental results, the three-phase currents of the grid i, #),
and 7., can be compensated to be more balanced with smaller
values of Ur 8.13% for load 1 and 24.16% for load 2 as shown
in Fig. 7(a). In addition, for the dc bus voltage V., the settling
time is 0.28 s and the undershoot-to-overshoot voltage is 13.6
V as shown in Fig. 7(b).

The experimental results of the PV power system under unbal-
anced load conditions without using the compensation function
of the three-phase unbalanced currents at case 2 and adopting
the PI controller for the control of dc bus voltage are shown in
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Fig. 6. Case 1 with three-phase unbalanced current compensation and with

PI DC bus voltage controller. (a) Responses of inverter voltage, three-phase
currents of inverter, three-phase currents of unbalanced loads, and three-phase
currents of grid. (b) Responses of dc bus voltage and active and reactive powers.

Fig. 8. The responses of the inverter voltage V,, the three-phase
currents of the dc/ac inverter 4,,, %,, and i.,, the three-phase
currents of the unbalanced load 7,;, 7;;, and i.;, and the three-
phase currents of the grid i, 44, and i, are shown in Fig. 8(a).
The dc bus voltage Vj.and the active and reactive powers P and
@ are shown in Fig. 8(b). From the experimental results shown
in Fig. 8(a), owing to the unbalanced load and the absence of
the compensation function, the three-phase currents i, iy, and
1.4 Of the grid are unbalanced with larger values of U, 60.74%
for load 1 and 30.12% for load 2. Moreover, the experimental
results using the compensation function of the three-phase un-
balanced currents at case 2 and adopting the PI controller for the
control of dc bus voltage are provided in Fig. 9 to demonstrate
the compensation performance. The responses of the inverter
voltage V,, the three-phase currents of the dc/ac inverter i,
1p0, and 7.,, the three-phase currents of the unbalanced load ¢,;,
13, and 7., and the three-phase currents of the grid 44, 754, and
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Fig. 7. Case 1 with three-phase unbalanced current compensation and with
CFNN-AMF dc bus voltage controller. (a) Responses of inverter voltage, three-
phase currents of inverter, three-phase currents of unbalanced loads, and three-
phase currents of grid. (b) Responses of dc bus voltage and active and reactive
powers.

1.4 are shown in Fig. 9(a). The dc bus voltage V;; and the active
and reactive powers P and @) are shown in Fig. 9(b). From the
experiment shown in Fig. 9(a), the three-phase currents of the
grid 444, iy, and i., can be compensated to be more balanced
with smaller values of Ur 7.32% for load 1 and 3.04% for load
2. For the dc bus voltage V., the settling time is 0.14 s and the
undershoot-to-overshoot voltage is 7.4 V as shown in Fig. 9(b).
Furthermore, the experimental results using the compensation
function of the three-phase unbalanced currents at case 2 and
adopting the CFNN-AMF controller for the control of dc bus
voltage are shown in Fig. 10. The responses of the inverter volt-
age V,, the three-phase currents of the dc/ac inverter i,,, o,
and 7.,, the three-phase currents of the unbalanced load ., %,
and i, and the three-phase currents of the grid ¢,, ¢4, and i,
are shown in Fig. 10(a). The dc bus voltage Vg and the active
and reactive powers P and () are shown in Fig. 10(b). Owing
to the excellent intelligent control properties of the proposed
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Fig. 8. Case 2 without three-phase unbalanced current compensation and

with PI dc bus voltage controller. (a) Responses of inverter voltage, three-phase
currents of inverter, three-phase currents of unbalanced loads, and three-phase
currents of grid. (b) Responses of dc bus voltage and active and reactive powers.

CFNN-AMF controller, the three-phase currents of the grid 7,,,
14, and 4., are compensated to be much more balanced with
smaller values of Ur 6.9% for load 1 and 3.01% for load 2 as
shown in Fig. 10(a). In addition, for the dc bus voltage Vj., the
settling time is 0.05 s and the undershoot-to-overshoot voltage
is 6.4 V as shown in Fig. 10(b).

In terms of two dc bus voltage controller and without and
with using compensation function, the three-phase unbalanced
current ratio Uy, is compared in Table I. Moreover, in terms of
two dc bus voltage controller and the changing of load condi-
tions, the settling time and the undershoot-to-overshoot voltage
are compared in Tables II and III, respectively, for test condi-
tions case 1 and case 2. Since the control performance of the dc
bus voltage using the CFNN-AMF controller of the PV power
system under unbalanced load variation condition is improved
comparing with using the PI controller, all the three-phase un-
balanced current ratio Up, the settling time, and the undershoot-
to-overshoot voltage of the dc bus voltage Vj. are reduced at
both test cases. However, since in case 1, the SPWM of the
inverter has to handle the dc bus control and the three-phase
unbalanced currents compensation simultaneously, the control
performance of both the PI and CFNN-AMF controller are
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Fig.9. Case 2 with three-phase unbalanced current compensation and with PI
dc bus voltage controller. (a) Responses of inverter voltage, three-phase currents
of inverter, three-phase currents of unbalanced loads, and three-phase currents
of grid. (b) Responses of dc bus voltage and active and reactive powers.

inferior to case 2 where the dc bus voltage control is processed
by the PWM of the converter.

The execution or compute time of the “C” program in the
TMS320F28335 32-bit floating-point DSP with 150 MHz can
be obtained by the clock tool of TI Code Composer Studio v6
program editing interface. The total operation cycles and to-
tal execution time of the PV power system using PI and the
proposed CFNN-AMEF controllers are compared in Table IV.
The total operation cycles and total execution time for the pro-
posed CFNN-AMF are 62 156 cycles and 0.414 ms, respectively.
Though comparing with the PI controller, there is extra computa-
tional delay using the proposed CFNN-AMEF controller, the total
execution time of the proposed CFNN-AMEF is still less than 1
ms, which is the sampling interval of the control loop. More-
over, the computation complexity of the proposed CFNN-AMF
controller can be evaluated by the number of steps required to
compute the output of the CFNN-AMF controller and the online
learning algorithm. A step is one of the following operations:
addition, subtraction, multiplication, division, and comparison
of two numbers. The steps of each layer in the CFNN-AMF
are calculated according to (5)—(13). The numbers of steps of
layer 1 to layer 4 are 0, 54, 129, and 18. Therefore, the steps of
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Fig. 10.  Case 2 with three-phase unbalanced current compensation and with
CFNN-AMF dc bus voltage controller. (a) Responses of inverter voltage, three-
phase currents of inverter, three-phase currents of unbalanced loads, and three-
phase currents of grid. (b) Responses of dc bus voltage and active and reactive
powers.

TABLE I
COMPARISON OF THREE-PHASE UNBALANCED CURRENT RATIO U r AT
VARIOUS TEST CONDITIONS

Using Unbalanced Current Ratio (%)
DC Bus Voltage Unbalance Mode I Mode II
Controller C .
ompensation Load I | Load2 Load I | Load2
PI No 66.4 63.5 60.74 30.12
PI Yes 8.47 27.34 7.32 3.04
CFNN-AMF Yes 8.13 24.16 6.9 3.01
TABLE II

COMPARISON OF SETTLING TIME AND UNDERSHOOT-TO-OVERSHOOT VOLTAGE
AT VARIOUS TEST CONDITIONS OF CASE 1

DC Bus Voltage Settling Time (s) Undershoot to Overshoot (V)

Controllers  Load | —Load2 | Load2 —Load I | Load I —Load2 | Load2 — Load 1
PI 033 035 152 15.1
CFNN-AMF 028 029 13.6 136
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TABLE III
COMPARISON OF SETTLING TIME AND UNDERSHOOT-TO-OVERSHOOT VOLTAGE
AT VARIOUS TEST CONDITIONS OF CASE 2

DC Bus Voltage Settling Time (s) Undershoot to Overshoot (V)

Controllers Load 1 — Load 2 | Load2 — Load 1 | Load 1 — Load2 | Load 2 — Load 1
PI 0.14 0.12 74 72
CFNN-AMF 0.05 0.06 6.4 6.4

TABLE IV
EXECUTION TIME OF PV POWER SYSTEM USING PI AND PROPOSED
CFNN-AMF CONTROLLERS

Controllers PI Proposed CFNN-AMF
Total Operation Cycles 88 62156
Execution Time 0.587 us 0.414 ms

signal propagation in the CFNN-AMF control scheme are 201.
Similarly, the number of the total steps of the online learning
algorithm is 563, which is calculated according to (17), (23)-
(25), and (30)—(32). Subsequently, the proposed CFNN-AMF
controller required 764 steps for the complete algorithm.

V. CONCLUSION

The development and implementation of a two-stage PV
power system without the augmentation of APF to compensate
the three-phase unbalanced currents are successfully presented
in this study. The control architectures of the two-stage PV
power system can fall into two categories: mode I is the MPPT
mode; and mode II is the smart inverter mode, in which the
output active and reactive powers of the PV inverter are prede-
termined by a lagging power factor according to grid codes of the
utilities. Moreover, in order to improve the control performance
of the dc bus voltage of the PV power system under unbalanced
load variation condition, an online-trained CFNN-AMF is pro-
posed for the dc bus voltage control. The network structure and
online learning algorithms of the proposed CFNN-AMF have
been presented in detail. Furthermore, from the experimental re-
sults of the PV power system using the proposed CFNN-AMF
controller, the three-phase unbalanced grid currents compensa-
tion and the control performance of the dc bus voltage are much
improved due to the robust fuzzy control and online training
capability of the CFNN-AMEF controller.

The major contributions of this study are: 1) the successful
development of a two-stage PV power system to compensate the
three-phase unbalanced grid currents; 2) the successful develop-
ment of the proposed online-trained CFNN-AMF controller for
the dc bus voltage control; and 3) the successful implementation
of a DSP-based two-stage PV power system with the functions
of smart inverter and unbalanced grid currents compensation.
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