High-Efficiency Power Conditioning System for Grid-Connected Photovoltaic Modules

| JPE 11-4-22 |

High-Efficiency Power Conditioning System for
Grid-Connected Photovoltaic Modules

Woo-Young Choi' and Jae-Yeon Choi*

™* Division of Electronic Engineering, Chonbuk National University, Jeonju, Korea

Abstract

This paper presents a high-efficiency power conditioning system (PCS) for grid-connected photovoltaic (PV) modules. The
proposed PCS consists of a step-up DC-DC converter and a single-phase DC-AC inverter for the grid-connected PV modules. A
soft-switching step-up DC-DC converter is proposed to generate a high DC-link voltage from the low PV module voltage with a
high-efficiency. A DC-link voltage controller is presented for constant DC-link voltage regulation. A half-bridge inverter is used
for the single-phase DC-AC inverter for grid connection. A grid current controller is suggested to supply PV electrical power to
the power grid with a unity power factor. Experimental results are obtained from a 180 W grid-connected PV module system
using the proposed PCS. The proposed PCS achieves a high power efficiency of 93.0 % with an unity power factor for a 60 Hz

/ 120 Vrms AC power grid.
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I. INTRODUCTION

The grid-connected photovoltaic (PV) system is an im-
portant technology for future renewable energy applications
[1]. It requires a high-efficiency grid-connected PV power
conditioning system (PCS) that delivers power to the grid with
a low total harmonic distortion (THD) and a high power factor
(PF) [2]. Among the various kinds of grid-connected PV PCSs
[3], grid-connected PV modules [4] are gaining popularity
due to their ability to make grid-connected PV systems more
expandable. Because the output terminal of a grid-connected
PV module is connected to the power grid, the flexibility of the
PV generation system can be greatly improved. Furthermore,
the modular concept is expected to reduce the cost of the grid-
connected PV system because of the effect of mass production
[5].

Fig. 1 shows the typical configuration of a PCS for a grid-
connected PV module. The PCS consists of a step-up DC-
DC converter and a single-phase DC-AC inverter. The step-up
DC-DC converter converts the low PV module voltage into
a high DC-link voltage. The single-phase DC-AC inverter is
connected to the power grid, for the purpose of supplying the
electrical power to the grid. For the step-up DC-DC converter
of a PCS, the flyback converter has been widely used due
to its simple circuit structure [6], [7]. However, the flyback
converter suffers from high switching power losses due to its
hard-switching operation. The increased voltage stresses of the
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Fig. 1. Configuration of the PCS for the grid-connected PV module.

switching power devices cause high switching power losses,
which results in low efficiency of the PCS [8]. Recently, a
full-bridge converter has been utilized for the step-up DC-DC
converter of grid-connected PV modules [9], [10]. It has low
switching power losses due to the soft-switching operation
of the switching power devices. However, a lot of active
switching power devices and their associated control circuits
are required for soft-switching operation. Eventually, the cost
of the PCS increases, which limits the practical design of the
grid-connected PV module.

This paper presents a high-efficiency PCS for grid-
connected PV modules. Fig. 2 shows the circuit diagram of
the proposed PCS. A high-efficiency step-up DC-DC converter
is proposed in order to increase the power efficiency with
a low-cost. It converts the low PV module voltage with a
high step-up voltage conversion ratio. The voltage stresses of
the output diodes are always clamped to the DC-link voltage
without any increases in the voltage stresses. The output diode
is turned off under the zero-current switching (ZCS) condition
without using any active switching power switches. A DC-
link voltage controller is also presented for constant DC-link
voltage regulation. A half-bridge inverter is used for the single-
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Fig. 2. Circuit diagram of the proposed PCS.

phase DC-AC inverter for the grid connection. A grid current
controller is suggested to supply the PV electrical power to
the power grid with a unity power factor. Experimental results
from a 180 W grid-connected PV module system using the
proposed PCS are discussed. The proposed PCS achieves a
high power efficiency of 93.0 % with an unity power factor
for a 60 Hz / 120 V,,,,; AC power grid.

II. SYSTEM DESCRIPTION

Fig. 2 shows a circuit diagram of the proposed PCS. The
proposed PCS consists of a step-up DC-DC converter and a
half-bridge DC-AC inverter. The step-up DC-DC converter
regulates the DC-link voltage V;(= V,;; + V) as a constant
voltage source. The switch Sj is a metal-oxide semiconductor
field-effect transistor (MOSFET). D,; and D,; are the output
diodes, respectively. The step-up DC-DC converter is con-
trolled at a constant switching frequency 7;(= 1/ f;) with pulse
width modulation (PWM). The half-bridge inverter supplies
power to the grid. The switches S; and S, are insulated
gate bipolar transistors (IGBTs). The half-bridge inverter is
controlled at a constant switching frequency T;(= 1/f;) with
sinusoidal PWM.

Fig. 3(a) shows the operation modes of the proposed step-
up DC-DC converter for 7;. The transformer T is modeled
as an ideal transformer with a turns ratio of 1 : N where
N = N, /N;. It has a magnetizing inductor L,, with a leakage
inductor L. The proposed converter operates in continuous
conduction mode so that the magnetizing inductor current
irm flows continuously. The capacitor C; is modeled as an
equivalent capacitor as C; = (C41Cy2)/(Ca1 +Cy2)- The capac-
itors Cpy, C;, and C; are large enough so that their voltages
are considered constant as V,,, V., and V,. Fig. 3(b) shows
operation waveforms of the converter for 7;. D, is the duty
ratio based on a Sj turn-on time. The proposed converter has
three distinct operating modes for 7 as follows:

Mode 1 [tg, t1]: At t =1y, Sp is turned on. The voltage
across L, is Vp,. A current path including Ly, Doy, C,, and
the secondary winding of T is formed on the DC-link capacitor
side. The diode current ip,; flows as:

Nva + Ver

ipor (1) =
! \/le/Cr

sin (@, (1 — 1)) ()

.

- T+

Gt

JE i

r
|_-_‘% N
b g
- ‘ -
e

Miode 3

(@)

S

iz

ish

Va

VDol

iDoi

T'bo2

ipo2

Mode :

fy

1 2 3

AT,

~

1 b
|
\

DeT; (1-DJT;

Fig. 3. Operation of the step-up DC-DC converter for 7. (a) Operation modes,

(b) operation waveforms.
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where the angular resonant frequency , is given by:
1
VLG,

The magnetizing current iz, and the switch current ig;, are
expressed as:

o, =

2

Vo
irm (1) = ipm (fo) + Li (t—19) (3)

isp (l) =im (l) + Nipo1 (l) . (4)

Mode 2 [t], 12]: At t = t, the half resonant period of ip,;
is finished. Because ip,; is zero at ¢t = ¢{, the output diode
D, is turned off at zero-current. On the PV module side, the
magnetizing current iz, increases linearly as in Mode 1.

Mode 3 [12, t3]: At t =1, §p, is turned off. D, is turned
on, entering into a conduction state. Since the reverse-voltage
across D, is V;, the voltage across the secondary winding
of T is V; —V,.. On the DC-link capacitor side, a current
path including C,, Dy, C4, Ly, and the secondary windings
of T is formed. Then, the energy stored in the capacitor C,
is transferred to the capacitor C;. The diode current ipy
decreases linearly as:

. o iLm (t2) Vd - Vcr
IDo2 (t ) - - 2)
N N-Ly + Ly
The magnetizing current iy, is expressed as:
Vi—Ver
NL,,
The next switching period begins when S, is turned on at

t =13. By the voltage-second balance relation on the secondary
side of T for Tj:

(t—1). (&)

ipm (8) = ipm (82) — (t—1). (6)

DV, = (Vd - Vcr) (1 - Dc) . (7
By simplifying (7):
Ver = (1 _Dc) Va. (8)

By the voltage-second balance relation on the primary side
of T for T;:
ND.Vy, =D (1 —D.)Vy. )
By simplifying (9):
V. N
dd v (10)
Vv (1=D¢)
Supposed that the average magnetizing current iy, is the
average DC-link capacitor current I; during Ty, the following
relation is given by:

iLm (IO) + iLm (tZ)
2 an

By (3) and (11), the currents iz, (fo) and iz, (f2) can be
expressed as:

= NI,.

VouD. T,
ipm (t0) = NI — =<2 (12)
Lm( ) d 2Lm

VDT
iLm (12) = NIy + 5. (13)

2L,

The existence of Mode 2 ensures the ZCS turn-off of D,;.
Since the interval of Mode 2 can be changed by the angular
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Fig. 5. DC-link voltage control diagram of the step-up DC-DC converter.

resonant frequency @, the critical condition for the ZCS turn-
off of D, is ipm(D:Ty) = Nipo1(D.Ty) at ATy = 0. Then, the
angular resonant frequency @, should satisfy the following

condition as: )

VLG

where the critical angular resonant frequency @,. = 27 f,. is
determined by:

Wy =

> O (14)

2sin (wrchTv) D T

T A2
\/Lik/Cr 2N"L

where f,. is the critical resonant frequency.

Ig=(1-D)Vy

5)

III. SYSTEM CONTROL
A. DC-Link Voltage Controller

The proposed step-up DC-DC converter has a high step-up
voltage conversion ratio, as shown in (10). Fig. 4 shows the
relationship between the duty ratio D, and the PV module
voltage V), for a constant DC-link voltage (V; = 380 V). The
duty ratio D, should be controlled for constant DC-link voltage
regulation of the PV module voltage.

Fig. 5 shows a DC-link voltage control diagram of the step-
up DC-DC converter. The duty ratio D, of Sj is determined
by adding an additional duty ratio AD,, to the nominal duty
ratio D.,. From (10), the nominal duty ratio D, is:

NVpy

Deyp=1— v, (16)
The additional duty ratio AD,, is given by:
AD., = kpve +kjy, | edt a7

where e is V; —V,. V] is the reference DC-link voltage. k,,
and k;, are the proportional and integral gains, respectively.
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Fig. 6. Flowchart of the MPPT control.

B. Maximum Power Point Tracking Controller

In order to extract the maximum electrical power from the
PV module, maximum power point tracking (MPPT) should be
implemented. For the MPPT of a PV module, various MPPT
techniques have been developed [11]-[13]. Among them, the
modified incremental conductance method [13] is employed
for the MPPT of the proposed PCS. Fig. 6 shows a flowchart of
the MPPT control. The power generated from the PV module
is:

(18)

The power slope B = dP,,/dVy, of the PV module can be
expressed as:

Py =Vl

AL,
AV,,

where Al,, and AV),, are the increments of the PV module
voltage and current, respectively. When f8 < 0, decreasing the
voltage reference Vs forces 3 to approach zero; when f > 0,
increasing V,.r forces B to approach zero; and when f§ =0,
Vier does not need any change. When increasing or decreasing
Vier, the smooth transition to the MPP can be achieved by
applying the following proportional control with respect to
the power slope f as:

\% _ Vref,nfl +k1AIpV7 fOVAva =0
refm Vref.n—l +k2ﬁ, forAva #0

where k; and k» are the proportional gains. In the case where
AV, =0, the voltage reference V. s is proportionally compen-
sated according to the current increment Al,,. Increasing the
PV module current /,, decreases the PV module voltage V.
Decreasing the PV module current /,,, increases the PV module
voltage V). Thus, the current reference /. for the PV module
current control is determined by the following controller as:

Iref =ky (Vref _va) (2D

(19)

B= v+ Vv

(20)
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where k, is the proportional gain.

C. Grid Current Controller

The proposed PCS supplies power to the grid by a half-
bridge inverter. To achieve an unity PF, the grid current i,
should be controlled in phase with the grid voltage v, which
is given by:

ve=V2V,sinwt (22)

where v, is the root-mean-squared value of the grid voltage
ve. @ is the frequency of vg. Each switch is controlled in a
complimentary manner, generating sinusoidal PWM pulses. S
is controlled when vy is in the positive half-period. When S is
turned on in the positive half-period, V,;/2 is applied across the
output filter inductor Ly. The grid current i, increases linearly.
The voltage across Ly is expressed as:

dig Vg
—S = — —,.
Far — 2 ¢
On the other hand, when S, is turned on in the positive

half-period, —V,;/2 is applied across L. The grid current i,
decreases linearly. The voltage across Ly is expressed as:

dig _ Va
Far — 2

Depending on the duty ratio D; of S;, the average voltage
of Ly during T; is given with the following current deviation
Ai, as:

g

Aig (Vg V,

In the negative half period, the following relation can be
obtained for the duty ratio D; of S, as:

(23)

ve. 24)

(25)

Ai Va Va
Lffg = (—2 —vg> D;+ (2 —vg> (1-D)).  (26)
Let the duty ratio D; be expressed as:
D; = Din+ADjn (27)

where Dj, is the nominal duty ratio, and AD;, is a perturbed
duty ratio. From (25)-(27), the nominal duty ratio D;,, and the
perturbed duty ratio AD;, can be expressed as:

o1 ‘Vg|

Dj, = 3 + v, (28)
o Lf'A|ig|

AD;, = W (29)

To make the grid current i, track its current reference i
the following proportional current control is used as:

ADiy = ke ( Jig] = ie])

*
g’

(30)

where k. is the proportional gain. The current reference i,

is defined as i, = igsinr, where the peak magnitude I, is
generated by the following proportional-integral (PI) current

controller as:

Iy = kpe (Lep — Ipy) +kic/ (Iref — 1) dt 31)
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Fig. 7. Grid current control diagram of the half-bridge DC-AC inverter.
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Fig. 8. Electrical characteristics of the PV module.

where k,. and k;. are the proportional and integral gains,
respectively. Fig. 7 shows a control block diagram of the
grid current controller. The current reference Iy is generated
from the MPPT controller. A phase-locked loop (PLL) is
used for grid synchronization by employing the zero-crossing
edge detection method [14]. The output AD;, of the current
controller only generates the inductor voltage drop required to
maintain the sinusoidal grid current. With the addition of the
nominal duty D;, to the original nonlinear dynamic system
(25) and (26), the relation between ADj, and |ig| in (29)
becomes a first-order linear dynamic system. The addition of
the nominal duty D;, relaxes the burden of the grid current
control and improves the grid current waveform.

IV. EXPERIMENTAL RESULTS

To evaluate the performance of the proposed PCS, a 180 W
prototype of a grid-connected PV module system has been
built. Fig. 8 shows the electrical characteristics of the PV
module (MITSUBISHI ELECTRIC, PV-UD180MF5) used for
the test of the prototype. It has the maximum power of 180
W at a PV module voltage of 24.2 V. The hardware circuit of
the PCS is divided into two parts: the microcontroller-based
control circuit and the power circuit.

Fig. 9 shows an overall control diagram of the PCS. It is
implemented fully in software using a single-chip microcon-
troller (Microchip, dsPIC30F3011). The voltage and current
controllers are performed in every 100 us period. The MPPT
controller is performed in every 100 ms period. Table I shows
the major system parameters for the power circuits of the
PCS. The step-up DC-DC converter operates at a 50 kHz
switching frequency to generate a 380 V DC-link voltage. The
transformer 7 is implemented by using a PQ3230 core with 3
turns for the primary winding and 21 turns for the secondary
winding. The magnetizing inductor L,, = 20uH is realized
with a 0.7-mm air-gap, which results in a leakage inductor
Ly, = 0.3uH. The critical resonant frequency is determined as
fre =65 kHz with the parameters L, = 0.3uH and C, = 20uF.

Fig. 10 shows the experimental waveforms of the step-up
DC-DC converter at a PV module voltage of 24.2 V for the
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Fig. 9. Overall control diagram of the PCS.

TABLE 1
MAIJOR CIRCUIT PARAMETERS

System parameters Value
PV module voltage V, 15V~ 30V
DC-link voltage V, 380 V
Grid voltage v, 60 Hz/120 Vo
DC-DC converter switching 50 kHz
frequency f;
DC-AC inverter switching 20 kHz
frequency f;

Input filter capacitor Cp, 6600 uF
DC-link capacitor Cyy, Cy2 220 uF
Transformer turns ratio N N=7(N,=3,N,=21)

Magnetizing inductor L, 20 uH

Leakage inductor L 0.3 uH
Resonant capacitor C;, 20 uH
Output filter inductor Ly 1 mH
MOSEFET S, FDMC86102 (100V/20A)
IGBT §y,5> FGP5060LS (600V/5A)
Diode Dy, Dy FEP16GT (400V/16A)

maximum PV module power of 180 W. The output diode D,
is turned off under zero-current after the half resonant period
of ip,1. ZCS turn-off of D, is achieved, which minimizes the
switching power losses. The voltages Vp,; and Vp,, become
the DC-link voltage V; without any increases in voltage stress.
Fig. 11 shows the measured waveforms of the grid voltage v,
and grid current i, at 180 W. The grid current i, is sinusoidal
and in phase with the grid voltage v,. The measured PF is
0.99. The measured THD is 3.6 %.

Fig. 12 shows the DC-link voltage V; and grid current i,
when the input PV power changes from 90 W to 180 W
abruptly. It can be seen that the DC-link voltage is tightly
regulated with little overshoot due to the abrupt PV power
variation.

In order to demonstrate the improved efficiency of the
proposed PCS, the conventional one in [6] has been designed
and tested in the laboratory. The conventional system consist-
ing of a flyback DC-DC converter and a full-bridge DC-AC
inverter has been built. Fig. 13 shows the measured power
efficiencies of the proposed step-up DC-DC converter and the
flyback converter from [6]. The flyback converter has been
designed to generate 380 V of DC-link voltage from the same
PV module voltage. The power efficiency is measured by a
YOKOGAWA WTI120, as a digital power meter, is used for
calculating the power efficiency. For the maximum power of
180 W, the power efficiency of the flyback converter is 95.3 %.
On the other hand, the proposed DC-DC converter achieves a
power efficiency of 96.0 % at 180 W. The proposed converter
improves power efficiency by reducing the switching power
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losses. Specifically, by achieving ZCS of the output diode, the
proposed DC-DC converter reduces the output diode reverse-
recovery losses to generate a high DC-link voltage of around
380 V.

Fig. 14 shows the efficiency of the half-bridge DC-AC
inverter in the proposed PCS when the PCS is applied to
a 120 Vrms AC power grid. It also shows the efficiency of
the full-bridge DC-AC inverter in the conventional PCS from
[6] when the PCS is applied to a 120 Vrms AC power grid.
The power efficiency was calculated by measuring the DC-link
power and the AC output power in the PCS. The half-bridge
inverter achieves an efficiency of 97.0 % for 180 W. On the
other hand, the full-bridge inverter achieves an efficiency of
96.7 % for 180 W. The power efficiency is improved by 0.3
%. The switching power losses are reduced by employing a
half-bridge inverter to generate a 120 V,,,,; AC output voltage.
The efficiency of the PCS for a 230 V,,; AC power grid
can be obtained by using a full-bridge DC-AC inverter for
the proposed PCS. It has also been tested in the laboratory,
achieving a power efficiency of 92.7 % for the entire PCS
including the DC-DC converter and the DC-AC inverter for a
180 W output power.

Fig. 15 compares the efficiency of the proposed PCS to
the efficiency of the conventional one from [6]. The proposed
PCS, consisting of the proposed DC-DC converter and the
half-bridge inverter, achieves an efficiency of 93.0 % for 180
W. On the other hand, the conventional system, consisting of
a flyback converter and a full-bridge inverter, achieves 92.1
% for 180 W. Both systems employ two power conversion
stages including a DC-DC converter and a DC-AC inverter.
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Compared to the conventional system, the proposed PCS im-
proves the total power conversion efficiency by increasing the
efficiency of the DC-DC converter part and also by increasing
the efficiency of the DC-AC inverter part.

V. CONCLUSIONS

This paper proposes a high-efficiency PCS for grid-
connected PV modules. The proposed PCS consists of a high-
efficiency step-up DC-DC converter and a single-phase half-
bridge inverter. A high-efficiency step-up DC-DC converter
has been proposed to increase power conversion efficiency at
a low-cost. It has desirable features such as a simple power
circuit, low switching power losses, and a high step-up voltage
conversion ratio. DC-link voltage and grid current controllers
have been suggested for the control strategy of the proposed
PCS. A prototype of the PCS has been built and tested for a
180 W grid-connected PV module. Experimental results have
shown that the proposed PCS achieves a high efficiency of
93.0 % with an unity power factor for a 60 Hz / 120 V,,,,; AC
power grid.
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