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Second Harmonic Current Reduction in Front-End
DC—-DC Converter for Two-Stage Single-Phase
Photovoltaic Grid-Connected Inverter

Shiqi Kan*”, Xinbo Ruan

Abstract—The instantaneous output power of the two-stage
single-phase grid-connected photovoltaic (PV) inverter pulsates at
twice the line frequency (2 f,), generating second harmonic current
(SHC) in the front-end dc—dc converter and PV panel, which will
affect the maximum power point tracking operation and deterio-
rate the overall conversion efficiency. The generating mechanism
of the SHC is analyzed in this paper and it is pointed that in or-
der to eliminate the SHC in the front-end dc—dc converter and
PV panel, the voltage loop gain of the front-end dc—dc converter
should be high enough at 2 f,. Since there is a —180° phase abrupt
at the resonant frequency of the input side filter capacitor and the
inductor, the system may be unstable. To cope with this problem,
the inductor current feedback active-damping scheme (ADS) is
adopted. For further improving the loop gain at 2 f,, proportional—-
integral-resonant regulator with ADS (PIR + ADS) is proposed
in this paper. Besides, a step-by-step closed-loop parameters de-
sign method is presented. Finally, a 3-kW two-stage single-phase
grid-connected PV inverter has been fabricated and tested, and the
experimental results verify the feasibility of the proposed control
schemes.

Index Terms—Active-damping, proportional-integral-resonant
(PIR) regulator, second harmonic current (SHC), two-stage
single-phase inverter.

1. INTRODUCTION

ITH the increasing concerns on energy crisis and en-
W vironmental issues, renewable energies, such as solar
and wind energy, have gained a great interest for their clean
and sustainable features. Photovoltaic (PV) grid-connected in-
verter plays an important role in the distributed power generation
systems, which transfers the dc power generated from the PV
panel into the power grid. Generally, the PV grid-connected in-
verters can be classified into single-stage and two-stage types.
Compared with the single-stage ones, the two-stage PV grid-
connected inverters, which are composed of a front-end dc—dc
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converter and a downstream dc—ac inverter, have superior per-
formances in the applications where the input has a wide voltage
variation range [1], [2]. The front-end dc—dc converter aims for
realizing maximum power point tracking (MPPT) of the PV
panel, and the downstream dc—ac inverter is responsible for
regulating the intermediate dc bus voltage and injecting high-
quality ac current into the power grid.

In the two-stage single-phase PV grid-connected inverter, the
instantaneous output power pulsates at twice the line frequency
(2f,), resulting in a second-order harmonic component in the
input current of the downstream dc—ac inverter, which is called
the second harmonic current (SHC) hereinafter. The SHC will
propagate to the front-end dc—dc converter and the PV panel.
The SHC into the front-end dc—dc converter will degrade the
conversion efficiency, and the SHC into the PV panel will result
in oscillation in the PV panel’s output power and thus deteriorate
the energy conversion efficiency [3]. Hence, it is necessary to
reduce the SHC flowing into the front-end dc—dc converter and
the PV panel.

In recent years, various approaches have been proposed to
suppress the SHC in the front-end dc—dc converter. Passive com-
ponents, including capacitors and inductors, are usually adopted
to buffer the pulsating power. The simplest way is to introduce
electrolytic capacitors connected in parallel with the interme-
diate dc bus [4]. In [5], a parallel resonant network with the
characteristic frequency of 2 f, is added between the battery and
the input filter capacitor, producing an infinite impedance at 2 f,,,
and thus forcing almost all of the SHC to flow through the input
filter capacitor. Similarly, an LC series resonant branch with the
characteristic frequency of 2 f,, can be connected in parallel with
the intermediate dc bus to provide a zero-impedance path for
the SHC. However, since the frequency of SHC, which is 2,
is very low, the size and weight of the resonant components
are very large and the power density of the overall system is
reduced.

In [6]-[9], a bidirectional dc—dc converter is introduced in
parallel with the intermediate dc bus, serving as an active storage
unit to buffer the pulsating power. However, the bidirectional
dc—dc converter will increase the system complexity, and the
extra loss will degrade the overall system efficiency.

In fact, increasing the output impedance of the front-end dc—
dc converter with proper control strategy is an effective method
of suppressing the SHC, and the SHC is forced to flow into the
intermediate dc bus capacitor. For the applications where the
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front-end dc—dc converter regulates the intermediate dc bus volt-
age, various methods of reducing the SHC in the front-end dc—dc
converter have been proposed. In [10], an inner inductor current
loop is added to effectively suppress the SHC in the front-end
dc—dc converter. However, the dynamic performance is deteri-
orated. In [11] and [12], the load current feedforward scheme
with notch filter is proposed, which not only eliminates the SHC
in the front-end dc—dc converter, but also improves the dynamic
performance.

For the cases where the front-end dc—dc converter aims for
realizing MPPT, its input voltage or input current, instead of
the intermediate dc bus voltage, is regulated, and the control
objective is totally different. Therefore, the above-mentioned
methods of reducing the SHC are not suitable for the front-end
dc—dc converter with MPPT operation. In [13], a bidirectional
converter is employed to be connected in parallel with the in-
termediated bus to buffer the ripple power. However, this will
make the system complicated and result in extra power loss. Ba-
sically, we can also increase the output impedance of the front-
end dc—dc converter with proper control strategy to force the
SHC to flow through the intermediate dc bus capacitor, leaving
the front-end dc—dc converter free from the SHC. In [14]-[16],
the duty cycle compensation method is proposed, which elim-
inates the disturbance generated by the SHC on the duty cycle
of the front-end dc—dc converter. In [17] and [18], a resonant
controller is introduced to increase the loop gain at 2 f,, to reduce
the SHC in the PV panel. In [19], the feedforward compensation
for current control of the boost converter scheme is adopted,
and the SHC in the front-end boost converter is drastically
restrained.

The original objective of this paper is to propose the approach
for reducing the SHC in the front-end dc—dc converter and PV
panel from the viewpoint of impedance when the front-end dc—
dc converter works at MPPT. Considering that the output voltage
of the PV panel is low in the low- and medium-power PV
systems, the boost converter is selected as the front-end dc—dc
converter in this paper.

The rest of this paper is organized as follows. In Section II, the
SHC generating mechanism is analyzed. In Section III, the basic
method of reducing the SHC is given, and it is pointed out that,
for reducing the SHC in the front-end boost converter, the input
voltage loop gain should be high enough at 2 f,. In Section IV,
the inductor current feedback active-damping scheme (ADS)
is proposed to damp the resonant peak resulted by the input
filter capacitor and the boost inductor, aiming to achieve high-
voltage loop bandwidth with adequate phase margin (PM). With
the ADS, the proportional—integral (PI) regulator is adopted,
and a step-by-step design method of the closed-loop param-
eters and the active-damping resistor is given. Furthermore,
the proportional—integral-resonant (PIR) regulator plus induc-
tor current feedback ADS is proposed for further increasing the
voltage loop gain at 2 f,,, which not only effectively reduces the
SHC in the front-end dc—dc converter and PV panel, but also
improves the load transient response. In Section V, a 3-kW two-
stage single-phase grid-connected PV inverter is fabricated and
tested in the laboratory to verify the theoretical analysis and the
proposed approaches. Finally, Section VI concludes this paper.
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II. GENERATING MECHANISM OF THE SHC

The configuration of a two-stage single-phase PV grid-
connected inverter is shown in Fig. 1, where Cyy is the in-
termediate dc bus capacitor and v, is the power grid voltage. In
order to fully utilize the solar energy, the front-end dc—dc con-
verter is operated at MPPT mode for extracting the maximum
power from the PV panel. The intermediate dc bus voltage is
regulated by the downstream dc—ac inverter.

Without loss of generality, v, is supposed to be ideally sinu-
soidal waveform and can be expressed as

Vg (t) = Vinsinw,t (1)

where Vi, is the amplitude of v, w, = 27 f,, is the angular fre-
quency of v,, and f, is the frequency of v,.

The power factor of the downstream dc—ac inverter is assumed
to be unity, and the current injected into the power grid can be
expressed as

1o (t) = Imsinwot )

where I, is the amplitude of the current injected into the power
grid.

According to (1) and (2), the instantaneous output power of
the downstream dc—ac inverter can be derived as

Po(t) = vy(t)ig(t) = VinImsin®wot

1 1
= §VmIm — §VmIm cos(2wot). 3)

Assuming the conversion efficiency is 100%, the instanta-
neous input power of the downstream dc—ac inverter is equal
to its instantaneous output power. Generally, the intermedi-
ate dc bus capacitor Cyy is large enough and its voltage rip-
ple can be neglected. So, the intermediate dc bus voltage can
be regarded as a dc voltage V4. As a result, when ignoring the
switching-frequency harmonic components, the input current of
the downstream dc—ac inverter can be expressed as

i (t) o po(t) o VmIm N VmIm
" B VI}us B 2‘/I)us 2‘/I)us

cos (2woy) - 4

Equation (4) indicates that the input current of the down-
stream dc—ac inverter is composed by a dc component and an ac
component pulsating at twice the line frequency, which is called
the SHC. As the SHC will propagate to the front-end boost con-
verter and the PV panel, the output power of the PV panel will
oscillate around the maximum power point (MPP), which will
reduce the utilization efficiency of the power generated by the
PV panel. Therefore, it is necessary to make the input current
of the front-end boost converter free of the SHC.
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Fig. 2. Main circuit of the two-stage single-phase PV grid-connected inverter.

III. BASIC METHODS OF REDUCING THE SHC

According to the Thevenin theory, when the PV panel steadily
operates at the MPP, it can be represented by an open-circuit
voltage source V. in series with a resistor Rypp. Fig. 2 shows
the main circuit of the two-stage single-phase PV grid-connected
inverter, where the front-end dc—dc converter adopts the boost
converter, consisting of power switch @y, diode Dy, and induc-
tor Ly; the downstream dc—ac inverter employs a full-bridge
inverter, composed by power switches )1 — Q) and their anti-
parallel diodes, and the LC'L filter is formed by the filter in-
ductors L1, Lo and filter capacitor Cy; Cy, is the input filter
capacitor, and Cy,s is the intermediate dc bus capacitor.

Since the PV panel exhibits nonlinear / —V characteristic,
Rypp presents the dynamic characteristic of a negative resistor
[20], which can be expressed as

Rupp = 1:MPP
tMPP

(&)

where Uyppp and iMpp denote the small-signal variations of the
output voltage and output current of the PV panel around the
MPP, respectively. Noted that the reference directions of the
output voltage and output current of the PV panel are opposite,
as shown in Fig. 2; Rypp is a positive resistor for representing
the dynamic characteristic in this paper.

The small-signal ac circuit model of the PV panel can be
modeled as Rypp. With the state-space averaging method, the
small-signal ac circuit model of the front-end boost converter is
given in Fig. 3 [21], where Dy is the duty cycle of the power
switch, and D; =1-D,.

A. SHC Flowing Through the Front-End Boost Converter

According to Fig. 3, Gioinv(8), the transfer function from
Tinv($) t0 i0(s), can be derived as

- _ o (8)  Zowus(8)// Zoc(s) 1
Croim(s) = Giny () B Zoc(8) N ZZM((SS)) +1 ©

where iy (s) is the input current of the downstream dc—ac
inverter, i,(s) is the output current of the front-end boost
converter, Z,(s) is the closed-loop output impedance of the
front-end boost converter, which excludes Clys, and Zcpys(s) =
1/(8Chys)-

According to (6), in order to reduce the SHC flowing into the
front-end boost converter, it is necessary to reduce | Zcpus (72wo )|

VCbus(S)
Rvp I dy(s); Cb;( B
nd D
o
Zo_c(s)
Fig. 3. Small-signal ac circuit model of the front-end boost converter.

and/or increase |Z,_¢(j2w,)|. Thus, the SHC will be forced to
flow through Chys.

In this paper, the perturbation and observation (P&O) MPPT
algorithm is employed, and the input voltage of the front-end
boost converter is regulated to enforce this. If the voltage step
of the MPPT algorithm is small, the MPPT tracking speed is
slow, whereas if the voltage step of the MPPT is too large, the
output power of the PV panel will oscillate around the MPP
[22]. Therefore, there is a tradeoff in selecting the voltage step,
and Awp, = 0.5%uyy is chosen here.

According to Fig. 3 and the above analysis, Fig. 4 gives the
control block diagram of the front-end boost converter, where
G, (s) is the voltage regulator; G4(s) = e 1:57+% represents the
1.57; delay introduced by the digital control, including the com-
putation delay of 7§ and the pulsewidth modulation (PWM) de-
lay of 0.57, and T is the sampling period; H, is the input
voltage sensor gain; Kpwym = 1/V4, is the gain of the PWM
modulator, where V, is the amplitude of the triangular carrier;
and veer(s) is the voltage reference given by the MPPT algo-
rithm. As the P&O frequency of MPPT is much lower than the
voltage-loop crossover frequency f., the corresponding influ-
ence is ignored when analyzing the voltage control loop.

According to Fig. 4, we obtain

i(s) = [dy(s)%us - D/y”bUS(S) + vpv(s)] STLb (7N
vpy () = —%h(s) = —Zupp(s)iL(s)  (8)
1+ sCiy Rmpp
where
Ripp
Z =
e (5) 1 + sCin Rvpp ©)
Substitution of (8) into (7) yields
. 1
i (s) (dy(5)Vous — D'ytnus(s)) . (10)

5Ly + Zupe(s)
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According to Fig. 3, we obtain

io(s) = Djir(s) — I dy(s) (11)

where [} is the average current of the boost inductor.

According to (10) and (11), by setting dy () at zero, the open-
loop output impedance of the front-end boost converter can be
derived as

_Ubus(S)

-~ SLb + ZMpp(S)
io(s) dy(s)=0

2
D}’

Zool(s) =

Note that Chys is also excluded in Z, ().

In order to derive the closed-loop output impedance of the
front-end boost converter, Z, .(s), Uret(s) is set to zero. Thus,
according to Fig. 4, we obtain

dy(S) = ’Upv(S)HVGV(S)Gd(S)KPWM. (13)
According to (7), (8), (10)-(13), Z, (), excluding Clys, can

be derived as

Upus (8
70 = =35
5Ly + Zwee(s) (HyGy(8)Ga(s) Kpwm Vous + 1)
D'y (D/y + ZMPP(S)ILHVGV(S)G(](S)KPWM)
1

1, 1 _ 4,
Zo,o(s) 1+T\'<S) RN

o) (14)

1+T(s)

where T, (s) is the compensated voltage loop gain, expressed as

HV v K us
T.(s) = 2G (5)Ca(s) KewmVe (15)
$2 1, Cy + SRMbPP +1
and Ry is expressed as
Vus 2, 2
RN . by %us . ‘/;JUS (16)

- Dy Vevh  Pupp

where Pypp is the maximum output power of the PV panel.
According to (12) and (16), we obtain

Zo.0(5) DPypp
= [(sLy + Z S)) ———
‘ Rx (sLo + Zuee(s)) DRV,
P, Ly+7Z
— |(sLo+ Znp(s)) M2PP | sLv+Zmpe(s) .
Vv Rnmpp

a7

As seen in Fig. 2, ', is used to filter the switching-frequency
current ripple in the boost inductor, and its impedance is far

Control block diagram of the front-end boost converter operating at MPPT.

larger than Rypp at 2f,. Thus, Zypp can be approximated to
Rupp(s), and (17) can be rewritten as

’ Zo,o (S) SLb

RMPP

~

N (18)

+1‘>1.

At the frequencies far lower than the crossover frequency of
the voltage loop, f., the compensated voltage loop gain |T(s)]
is far larger than 1. So, according to (14) and (18), Z,(s) can
be approximated to

Zoo(s) ~ —Ru. (19)

Equation (19) implies that, when the compensated voltage
loop gain |7, (s)| at 2 f, is far larger than 1, the closed-loop output
impedance of the front-end boost converter can be approximated
to a negative resistor.

Substitution of (19) into (6) yields

io () 1

Gio-inv(s) = iinv (S) - 1-— SCbusRN .

(20)

It can be known from (20) that increasing Ch,s could reduce
the SHC in the front-end boost converter.

B. SHC in the PV Panel

According to (8), (11), and (13), the transfer function
GiLio(8), from i4(s) to i (s), can be derived as

- iL(S) 1

GiLio(s)= iO(S) = D/y+]LHVGV(s)Gd(S)KPWMZMPP(S)'
ey

Combining (15) and (21), we obtain
’iL (S) 1

io(s) D'y + To(s){ (sLo + Zuwe(s))
22)

Gir-io(s) =

Considering Vpus = Vey/Dy and Rypp = Vey/I1, we have
I/ Vous = Dy / Rypp. Thus, (22) can be rewritten as
i(s) _ !
io(s) D', 1+Tv(5)ﬁ (SLb+ZMPP(5))]
(23)

GiLo(s)=

It can be known from (23) that increasing the voltage loop
gain 7y (s) at 2 f, could help reduce and even eliminate the SHC
in the PV panel.
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C. Reducing the SHC in the Front-End Boost Converter
and PV Panel

According to (20), in order to reduce the SHC in the front-end
boost converter, it is required that

. Z'0 (j2w0) 1
Gi -in 2w, =z y - ]
| o V(J 0)| Tiny (]2@0) |1 —]2WoCbuSRN|
1
_ < a; (24)
V14 (2eCous B’

where a; is SHC suppression requirement in the front-end boost
converter.
From (24), the required C,; is obtained as

(25)

Here, a1 = 2.5% is selected, and f, is 50 Hz. Meanwhile,
Vous 1s regulated at 380 V by the downstream dc—ac inverter,
and the maximum power of the PV panel in the prototype is
3 kW. With these parameters, according to (16) and (25), we
have Chys > 1322.2 yF. Here, three 470 pF/450 V electrolytic
capacitors connected in parallel are used to constitute Clys.

As mentioned above, Zypp can be approximated to Rypp(s)
at 2 f,. Thus, according to (23), we obtain

. 11.(7 2w,
Gir—io(J2wo) = zLE]Qw))

B 1
D, [1 T (j2w0) (% + 1)}

(26)

Here, the SHC in ¢, is limited to 2.5% of that in the input
current of the downstream dc—ac inverter. Thus, according to
(26), the SHC in the PV panel can be easily limited to 2.5%
since |T,(j2w,)| is far larger than 1 when 2f, is far lower
than f..

In conclusion, if the crossover frequency of the voltage loop,
fe, 1s far higher than 2f,, and Cl,s is designed to satisfy (25),
the SHC in the front-end boost converter and PV panel will
be limited to the desired value. So, the input capacitor Cj,
is employed to mainly bypass the harmonics at the switching
frequency and its multiples in the input current.

IV. CONTROL SCHEMES FOR REDUCING THE SHC

A. Proportional-Integral Regulator plus Inductor Current
Feedback ADS (PI + ADS)

According to (15) and letting G (s) = 1, the Bode diagram
of the uncompensated voltage loop gain at the MPP, T, ,(s), is
depicted, as shown in Fig. 5 with the solid lines. Note that all
the Bode diagrams in this paper are depicted with the parame-
ters listed in Table II given in Section V. As shown in Fig. 5,
there is a resonant peak in the magnitude—frequency curve of
T,..(s), which is caused by the resonance between the input fil-
ter capacitor Cj, and the boost inductor Ly, and a —180° phase
drop occurs around the resonant frequency f;. As seen in Fig. 3,
Rypp is connected in parallel with Cj,, and it could damp the

6403

90
g a4t i
Q —_— -
B 0T - \
'S
P —45
=

-90

90
~ 0
& .-
E 790 ...................
2
g ~180{---- T, u(s) w/ shade
= i
~ 70— v u(s) w/o shade

—— Gy(s)
=360 :
2fo nf 1/2f;
Fig. 5. Bode diagrams of uncompensated voltage loop gain and the voltage
regulator.

resonant peak, which can also be found in (15). However, even
if the PV panel is free of partial shading, Rypp has limited ef-
fects on resonance damping. Fig. 5 also gives the Bode diagram
of T, ,(s) when the PV panel gets shaded, as shown with the
dashed lines. Here, Rypp is intentionally set as infinity for the
worst case. As shown, a —180° phase jump occurs at f;.

Since the PI compensator is simple and could track the dc
reference without error, it is adopted as the voltage regulator
Gy (s), expressed as

K

&@:&+§ 27)

where K|, is proportional gain and Kj is the integral gain. The
corner frequency fi is expressed as

21K,

According to (27), Fig. 5 shows the Bode diagram of G, (s)
with the dash-dot lines. As seen, at the frequencies around the
corner frequency, fi, the slope of the magnitude changes from
— 20 to 0 dB/dec, and the phase of the PI regulator increases
from —90° to 0°. In order to avoid the reduction of the PM
caused by PI regulator, fi is set lower than f.. Thus, we have
|Gy (j2n f.)| = Kp. According to the discussions in Section III,
in order to increase the magnitude of loop gain at 2 f, to restrain
the SHC in the front-end boost converter and improve the dy-
namic performance of the system, the crossover frequency f. of
the voltage loop is usually set to be higher than f;. Since there
are a —180° phase jump at f; and a negative phase shift caused
by Gy(s), the phase of T,(s) will definitely cross —180° at f;,
and thus the system is unstable.

In order to ensure the system stability, the resonant peak
should be properly damped, and a damping resistor » could be
introduced in series with the boost inductor. Thus, based on
Fig. 4, the control block diagram with the damping resistor is
given in Fig. 6. By moving the feedback node of the inductor
current to the output of the voltage compensator and modifying
the corresponding feedback function, the control block diagram

Ju

(28)



6404

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 7, JULY 2019

Fig. 6.

Control block diagram with a resistor introduced in series with the boost inductor.

Fig. 7.

shown in Fig. 6 can be equivalently transformed into that shown
in Fig. 7. As seen, the damping resistor  can be realized by the
feedback of the inductor current, which is an ADS, and thus the
power loss in a passive resistor is avoided.

As seen from Fig. 7, the feedback function of the boost induc-
tor current includes 1/Gq4(s), which is a prediction component
with unity gain and cannot be realized physically. So, 1/Gq(s)
is replaced by 1 in practice, and the feedback function of the
boost inductor current is approximated to / ( Kpwwm Vous ). Thus,
the actual damping component is rGg4(s) instead of r. By re-
placing sLy, with sLy, + rGq(s) in (15), the voltage loop gain
with the ADS can be obtained as

HVG\/(S)GC](S)KPWM%US
SOin (SLb —+ TGd(S)) + sLy+rGa(s) 1

Rypp

_ HVGV(S)Gd(S)KPWM‘/buS
$2LyCiy + 5 (rGa(s)Cin + 72 ) + (1 + "5

Ty piyaps(s) =

. (29

1) Effects of Digital Control Delay on Damping Performance
As mentioned in Section III-A, Gy(s) = e 1%, So, we
obtain

Ga(j2rf) = cos(3mf/fs) — jsin(3nf/f;)

where f; =1/T; = 1/T is the switching frequency of the
boost converter.

As mentioned above, the actual damping component is
rGa(s). So, according to (30), we obtain

rGa(j2mf) = Req + jXeq

(30)

(31)
where

Req = TCOS(Sﬂ-f/fs)v Xeq =-r Sin(gﬂf/fS)'

This means that the active damping with the inductor current
feedback is equivalent to a virtual resistor Req and a virtual
reactor X4 connected in series with the boost inductor. The
Req could damp the resonance, and the X.q will change the
resonance frequency.

(32)

Active-damping solution equivalent to a resistor in series with the boost inductor.

As seen in (32), both Req and X4 are frequency depen-
dent. When f < f;/3, Xq behaves as a capacitor, which is con-
nected in series with the boost inductor, yielding a higher actual
resonance frequency f/, whereas when f,/3 < f < fi/2, X¢q
behaves as an inductor, yielding a lower actual resonance fre-
quency f/. Meanwhile, when f < f;/6, Req is a positive resistor,
whereas when f > f/6, Req is a negative resistor. As the actual
resonance frequency is f/, instead of f, Req will be essential
for the resonance damping at f/. When f} > f;/6, Req is a neg-
ative resistor at f/. Thus, a pair of open-loop unstable poles
is introduced, which will deteriorate the system stability [23].
Specially, when f/ = f;/6, Req = 0, which has no contribution
to the resonance damping, so the magnitude plot shows an infi-
nite resonance gain and a —180° phase jump occurs at f/. Thus,
f{ < fs/6 is set here for ensuring that R, is a positive resistor.

According to (29) and letting G, (s) = 1, as the phase plot of
T.,(s)/Ga(s) at the frequencies higher than f/ crosses over —90°
and the negative phase shift caused by Gq4(s) at f;/6 is —90°,
the phase plot of the uncompensated loop gain will cross over
—180° at f < f,/6 with the inductor current feedback active
damping. Thus, f. should be set to be lower than f; /6. Further-
more, to improve the dynamic performance of the system, f. is
usually set higher than f/. So, f/ < f. < f;/6 is set here.

2) Step-by-Step Design Method of the Closed-Loop
Parameters and the Active Damping Resistor

Based on the above considerations, a step-by-step design
method of the closed-loop parameters and the active damping
resistor r is presented to obtain a satisfactory region of r and f,
which is illustrated as follows.

By substituting (27) and (30) into (29), the voltage loop gain
with ADS can be expressed as (33) shown at the bottom of the
next page.

Since fL is lower we have

sufficiently than f,

1+ (fL/ fc)2 ~ 1. Furthermore, as the magnitude of the loop
gain at f, is unity, according to (33), we obtain (34) shown at
the bottom of the next page. By solving (34), we obtain (35)
shown at the bottom of the next page.
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According to (29), the relationship between r and f/ can be
derived as

(2 ) LC
27 f'.Cly sin (3??—) + RMPP cos (37r r ) .

(36)

T =

Note that, according to (32), a larger r leads to a larger | Xcq|,
which means that the actual resonant frequency f/ will be higher
when f! < f;/3. So r should be constrained by f. to guarantee
f<f < 16

Due to 2f, << f;, the influence of the digital control delay
can be negligible at 2f,; thus, we have Gq(jdrf,) =~ 1. So,
according to (33), the magnitude of T, pi+ aps($) at 2f, can be

expressed as
1+ (& )

(1 — 472(2f,)* LyCin + W)Q |
_|_471-2(2f0) (rC’m + pr)Q

H, Kpwm Vius K

|7y aps (2 - 2fo)| =

(37

By substituting (35) into (37) and manipulating, we obtain
(38) shown at the bottom of this page.
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The PM of the compensated loop gain is expressed as

PM =180° + ZT\ p1+aps (27 fc). (39)

Substitution of (33) into (39) yields (40) shown at the bottom
of the next page.

3) Design Example

A 3-kW two-stage single-phase PV grid-connected inverter
is taken as an example to verify the effectiveness of the closed-
loop parameters design method. The key parameters of the PV
panel under normal and shaded conditions and the parameters
of the prototype are listed in Tables I and II, respectively.

The design requirements of the compensated loop gain are
listed as follows.

1) |Typriaps(j47fo)| > 20dB is set to ensure the closed-
loop output impedance of the front-end boost converter
can be approximated to a negative resistor.

2) The phase margin PM > 30° is set to confirm a good
dynamic performance and robustness of the system.

Substituting (38) into (40), the curves constrained by
PM > 30° and |7y p1;aps(j47fs)| > 20dB under different
Rypp are depicted, as shown in Fig. 8 with the dashed lines,
and the satisfactory region of r and f; is above the curves. It can
be seen that the satisfactory region of r and f. is shrunk with the

H, Kp Kpwm Vous (1 - jfL/f) [COS (37Tf/fs) — jsin (37Tf/fs)]

T\ pisaps(j27f) = , (33)
[1 —4r? f2 LyCiy + 27 fCiyrsin (3w f/ f5) + cos (37Tf/fs):|
PP
2 f L
+7 {QWmer cos (3w f/fs) + ;p];ppb — R;IPP sin (37rf/fs)]
H,K, K Vius
T prs aps (727 fe)| ~ p T — =1 (34)
{1 — 472 f2 Ly Ciy + 21 f.Ciyrsin (3 fe/ fs) + LPP cos (37ch/fs):|
2 f. L ) 2
+ [ZchCinr cos 3 fe/fs) + ;fdppb ~ B sin (Sch/fs)}
. 2
{1 — 472 f2 Ly Cyy + 27 f.Ciyr sin (37 fe/ fs) + = cos (37rfc/fs)}
o 1 Ripp 35)
P HyKpwm Vhus 2 oL _ 2
+ |27 fCinrcos (3mfe/ fs) + Rre Foumn sin (37 fe/ fs)
|, aps (527 - 2f0)‘2 [(1 42 (QfO)QLbCiH + ﬁ)Q + 472 (Qfo) (TCm + RMPP>2:|
fL=2f -1 (3%

cos (3w fe/ fs)

,
\ - Rpp

1 — 472 2 LyCiy + 27 foCinrsin (37 £/ £)]

27 fe Ly

27 foCinr cos (3mfe/ fs) +
Ryipp

+

" sin(3nf./f)
PP
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TABLE I
PARAMETERS OF PV PANEL
Normal Condition Shaded Condition
Parameter Symbol | Value Parameter | Symbol | Value
Open-circuit Ve, 2251V Open-circuit Voo 2251V
voltage voltage -
Short-circuit I 206 A Short-circuit L 114 A
current current -
Volt t Volt t
Moo Vaw [ 1684V | UEEE L Vo | 1658V
C t at Ci t at
PP hoe [ 1787A | CUESY | Lw | 10.1A
Power output Power output
at MPP Pyipp 3000 W at MPP Povwor | 1672 W
TABLE II
PARAMETERS OF THE PROTOTYPE
Parameter Symbol Value
Inductor Ly 200 uH
Input side filter capacitor Cin 20 uF
Boost Bus capacitor Chus 1410 uF
converter Switching frequency fi 100 kHz
MPPT frequency fuepr 10 Hz
MPPT voltage step Avyy 09V
Inverter-side inductor L 1.6 mH
Grid—side inductor L, 400 uH
Inverter
Filter capacitor C, 4.7 uF
Switching frequency fo 10 kHz

increase of Rypp. It is because that, according to Fig. 5, Rypp
increases when the PV panel is partially shaded, and Rypp has
limited effects on resonance damping. Thus, in order to ensure
the effects on resonance damping, the damping resistor r should
be increased.

Substituting the parameters in Table II into (36), the curves
constrained by f! < f. are depicted, as shown in Fig. 8 with the
solid lines, and the satisfactory region of r and f is under the
curves.

According to Fig. 8, it is easy to pick out a group of closed-
loop parameters to ensure the compensated system to meet the
design requirements. Here, »r = 4() and f. = 4kHz are cho-
sen, corresponding to point A. Substituting L, = 200 uH, C},, =
20uF,r =4Q, f. = 4kHz, and f; = 100kHz into (35) and
(38), respectively, it can be calculated that K, = 0.38 and
fL = 2kHz. Thus, according to (28), we have K; = 4800. With
the designed parameters, the Bode diagram of T\ pr+aps(s)
is depicted, as shown in Fig. 9 with the solid lines. As
seen, |Ty_priaps(j2wo)| = 29dB, and the crossover frequency
is 4 kHz.
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Fig. 9. Bode diagram of the voltage loop gain at MPP.

B. PIR Regulator Plus ADS (PIR + ADS)

In order to further increase the magnitude of loop gain at 2 f;,,
a resonant component with the characteristic frequency of 2 f,
can be incorporated into the voltage regulator, leading to a PIR
regulator, expressed as

K; Kwis

G =K+ —+—"7—"7"—
PIR (S) p T p T+ 2wns Lo

4D
where K, is the resonant coefficient, w, = 2w,, and wj is the
bandwidth of the resonant part concerning —3 dB cutoff fre-
quency to reduce the sensitivity of the regulator to variations at
the fundamental frequency.

In the PV power generation systems, the fundamental fre-
quency of the grid fluctuates between 49.5 and 50.2 Hz, and
the corresponding maximum frequency fluctuation is 0.5 Hz
[24]. Therefore, the corresponding maximum variations of the

. 27 f.Ciyr cos (3w fe/ fs 2nfele T gin (37 s
PM = 180° — Sl arctan fo_ arctan 2f2 Brfe/£) e Haiee - Bne/ 1) (40)
s . 1 —dn? f2 LyCin + 27 feCinr sin (3 fe/ fs) + 7— cos (3 fe/ f5)
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frequency of the SHC is 1 Hz, and wj is set to be 27 A f, where
Af =1Hz.

According to (29) and (41), considering G4(j47 f,) ~ 1, the
magnitude of Ty pr+aps(s) at 2f, can be expressed as (42)
shown at the bottom of this page.

The design requirements of the compensated loop gain with
PIR + ADS are listed as follows.

1) The magnitude of Ty pirtaps($) at 2f, is larger than 40
dB to further restrain the SHC in the output current of PV
panel.

2) The phase margin PM > 30° to confirm a good dynamic
performance.

In order to meet the above requirement, substituting r =
4Q, K, = 0.38, K; = 4800, which are obtained with the PI +
ADS, and the parameters listed in Table II into (42), K; = 50
is calculated. With the calculated parameters, the Bode dia-
gram of T\ pir+ aps($) is depicted, as shown in Fig. 9 with the
dashed lines, which is almost the same as that with PI+ADS,
except around 2f,. Here, |1 pir+aps(j2w,)| = 40 dB, higher
than ‘Tvip[+ ADS (j2w0)| = 29dB.

C. PIR Regulator Without ADS

For the purpose of comparison, the voltage regulator adopt-
ing the PIR regulator without ADS is discussed here. Accord-
ing to the design method presented in [25], K, = 0.01 and
K; = 400 are obtained. Meanwhile, according to the method for
designing the resonant component in the PIR regulator given in
Section IV-B, K, =5 is obtained to ensure the magnitude of
the compensated loop gain T, pr(s) > 20dB at 2f,. With the
parameters above, the Bode diagram of T, pir (s) when the PV
panel works at MPP is depicted, as shown in Fig. 9 with the
dash-dot lines. As seen, |1y pr(j2fo)| = 23 dB, f. = 380 Hz,
and PM = 88°.

As seen in Fig. 9, all the approaches of PI + ADS, PIR
+ ADS, and PIR have a higher magnitude at 2f,, implying
strong ability of suppressing the SHC. However, since the ADS
is not incorporated, the crossover frequency of 7 pir(s) is far
lower than that of T\ _p1+ aps(s) and Ty _pir+ aps(s) for ensuring
the system stability; the dynamic performance of the front-end
boost converter with PIR is not as good as that of with PI +
ADS and PIR + ADS.

D. PV Panel Operation Point Sensitivity Analysis of the
Proposed Control Scheme

According to (16) and (19), if the loop gain at 2 f,, is far larger
than 1, the closed-loop output impedance of the front-end boost
converter at 2f, can be approximated to a negative resistor,
ie., Zoc(j2wo) = —Vi2,/Pupp. Hence, | Z,..(j2w,)| increases
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Control Board

Boost Converter

Fig. 10.  Photograph of the experimental prototypes.

as the maximum power extracting from the PV panel decreases.
This implies that, when the maximum power extracting from the
PV panel decreases, the SHC in the front-end boost converter
will be reduced.

V. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the theoretical analy-
sis and the proposed control schemes with PI + ADS and PIR
+ ADS, a 3-kW two-stage single-phase PV grid-connected in-
verter prototype, as shown in Fig. 10, is built and tested. The
MPPT controller and active damping are implemented by a DSP
(TMS320F2812). The key parameters of the PV panel under
normal and shaded conditions, and the parameters of the proto-
type are listed in Tables I and II, respectively. A PV simulator
Chroma 62000H-600S is adopted to imitate the PV panel here.

The control of the downstream dc—ac inverter includes two
loops, namely, the outer intermediate bus voltage loop and the
inner loop. The outer dc bus voltage loop regulates the dc bus
voltage and generates the current reference for the current in-
jected into the grid. When the SHC is bypassed by Cyys, there
will be second harmonic voltage ripple in the dc bus voltage,
leading to undesired third harmonic current in the grid current.
In order to suppress the harmonic distortion of the injected grid
current, the crossover frequency of the outer intermediate bus
voltage loop gain should be designed far lower than 2 f, [26].
The LC'L filter is used since it features good attenuation of the
switching frequency harmonics compared with the L filter, and
the filter capacitor current feedback active-clamping scheme is

. 2 9 p 2 2
foo)? - A foK wi[w? —(47 £o)*]
H, KpwwVaus [ B + —2olnfel 4 0 (57— - o
m buS\/{ P oz —(an fo)] + (87 fun)? 2m ] [w2 (47 £o)* ]+ (87 fowr)’

|Ty pr R+aDs (727 - 2f5)| =

(42)

\/(1 — 472(2f0)* LyCin + W)Q +4n2(2f,)? (rcm + ﬁ)g
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Fig. 11.
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Fig. 12.
current injecting into the power grid.
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Fig. 13.
current injecting into the power grid.

adopted for damping the resonance of the LC'L filter to ensure
the stability of the downstream dc—ac inverter [25].

Figs. 11-13 show the steady-state waveforms with PIR, PI +
ADS, and PIR + ADS schemes when the PV panel operates at
MPP, respectively. As seen from Fig. 11, with the PIR scheme,
the SHC in the PV panel is about 2.4% and the peak-to-peak
value of the PV panel output voltage is about 4 V. As seen from
Fig. 12, when the PI + ADS scheme is adopted, the SHC in the
PV panel is about 2.37% and the peak-to-peak value of the PV
panel output voltage is about 4 V. For the PIR + ADS scheme,
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it can be seen from Fig. 13 that the SHC in the PV panel is
about 0.74% and the peak-to-peak value of the PV panel output
voltage is about 1.25 V. Obviously, compared with the PIR and
PI + ADS schemes, the PIR + ADS scheme has the strongest
ability of suppressing the SHC in the PV panel.

Fig. 14 shows the dynamic waveforms of the voltage, current,
and output power of the PV panel with three control schemes
when the PV panel power step changes between 50% and 100%
rated power. As seen from Fig. 14(a), with the PIR scheme, the
PV panel voltage overshoot is about 12 V and the settling time is
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Fig. 14. Dynamic waveforms when the PV panel power step changes between
50% and 100% rated power. (a) PIR. (b) PI + ADS. (c) PIR + ADS.

about 40 ms, whereas the PV panel voltage undershoot is about
13 V and the settling time is 38 ms. As seen from Fig. 14(b),
with the PI + ADS scheme, the PV panel voltage overshoot
is about 4.5 V and the settling time is about 30 ms, whereas
the PV panel voltage undershoot is about 4.8 V and the settling
time is about 30 ms. As seen from Fig. 14(c), with the PIR +
ADS scheme, the PV panel voltage overshoot is about 4.5 V and
the settling time is about 30 ms, whereas the PV panel voltage
undershoot is about 4.5 V and the settling time is about 28 ms.

Table III summarizes the performance comparison of these
control schemes in terms of the SHC proportion in the current
of the PV panel and voltage fluctuation of the PV panel when
the PV panel power step changes between 50% and 100% rated
power. As seen, the SHC in the PV panel is very small with three
control schemes, and the PIR + ADS has the strongest ability
of suppressing the SHC in the PV panel since it has the highest
magnitude of the loop gain at 2 f,. Meanwhile, the PI + ADS
and PIR + ADS have better dynamic performance than the PIR
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TABLE III
PERFORMANCE COMPARISON OF DIFFERENT CONTROL SCHEMES
Control Steady Perforfnan.ce Dynamic Performance
Scheme SHC proportion in Undershoot / Overshoot /
the PV panel Settling time Settling time
PIR 24 % 12V /40 ms 13 V/38 ms
PI+ADS 2.37% 4.8V /30 ms 4.5V /30 ms
PIR+ADS 0.74 % 4.5V /30ms 4.5V /28ms

scheme because they have a higher crossover frequency of the
voltage loop gain. In a word, among the three control schemes,
the PIR + ADS has the strongest ability of suppressing the SHC
in the PV panel and has the best dynamic performance when the
PV panel power step changes.

VI. CONCLUSION

The pulsating power at twice the line frequency of a two-stage
single-phase PV grid-connected inverter results in the SHC in
the PV panel, leading to the PV panel output power oscillation
and reduced energy harvesting efficiency. From the viewpoint
of impedance, the generating mechanism of the SHC is ana-
lyzed, indicating that increasing the voltage loop gain of the
front-end dc—dc converter at 2 f, could reduce and even elimi-
nate the SHC in the PV panel. To satisfy this requirement, PI
regulator plus inductor current feedback ADS (PI 4+ ADS) is
employed for achieving high-voltage loop bandwidth. A step-
by-step closed-loop parameters design method, which considers
the requirements of the PM, loop gain, and SHC reduction, is
presented for achieving an optimized design without trial and
error. For possibly increasing the loop gain at 2 f,, PIR regulator
with ADS (PIR 4+ ADS) is further employed, enabling the PV
panel and the front-end dc—dc converter free of SHC. Finally,
a 3-kW two-stage single-phase PV grid-connected inverter is
fabricated and tested in the laboratory. The experimental results
demonstrate that increasing the voltage loop gain at 2 f, could
help reduce and even eliminate the SHC in the PV panel.
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