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Abstract- As the penetration of grid-connected photovoltaic (PV)
systems is booming, specific grid demands are imposed on such
interconnected PV systems. Therefore, achieving high reliable
PV systems with high power quality is of intense interest.
However, the injected current from single-phase grid-connected
PV inverters may be severely affected in different operation
modes. In this paper, a detailed analysis is conducted to reveal
the relationship between the harmonics level with the power
factor and the current level in the PV systems. A current control
solution which employs an Internal Model Principle (IMP) is
proposed to suppress the harmonic currents injected into the
grid. Experiments are carried out to verify the analysis and the
performance of the proposed control method. It is demonstrated
that the proposed method presents an effective solution to
harmonics suppression for single-phase grid-connected PV
systems in different operation modes. Especially, it can remove
higher order harmonics effectively leading to a better power
quality compared to the Proportional plus Multi-Resonant
Controller, and it has less computational burden.

L INTRODUCTION

Recently, the penetration of single-phase grid-connected
PV systems is increasing progressively mainly due to the
matured PV technology and the declined PV module price [1].
This intense integration into the grid also causes challenges
the availability, power quality and emerging reliability of the
entire PV system. Consequently, specific grid requirements
are expected to be strengthened to regulate the grid-connected
PV systems. In the future, the single-phase grid-connected PV
system will be more active in different operation modes and
provide low voltage ride through (LVRT) capability and grid
support function in the presence of a grid fault. However, this
might degrade the power quality with the risk of introducing
resonances. The control system should maintain the power
quality under both normal operation and in low voltage ride
through operation to meet the existing or upcoming grid
requirements [2]-[4]. For example, it is stated in IEEE 929
standard that the Total Harmonic Distortion (THD) for the
grid current should be lower than 5% in normal operation [4].

In order to eliminate the current distortion, many current
control methods are proposed [2], [5]-[11], [14]. For instance,
in [6], the Proportional Resonant (PR) controller and Multi-
Resonant Controllers (MRC) are developed and their
performances are much better than the conventional
Proportional Integrator (PI) controller. However, it introduces
computational burden particularly when high-order harmonics,
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e.g. the 11™ and 13™ order harmonics, are required to be
compensated. Repetitive current controller, which is based on
Internal Model Principle (IMP), is implemented in [8], [11]
with satisfactory tracking accuracy, but it presents a slower
dynamic performance and its stability range is typically not
wide enough [18]. Moreover, even with advanced control
schemes to regulate the injected current from the single-phase
grid-connected PV systems, it is found that the even order
voltage harmonic ripples at the DC side (PV panels) may still
distort the injected current, leading to a poor current THD.
Meanwhile, it can also be summarized from the test data that
the harmonic current level varies with the injected current
level and the power factor.

With the increasing penetration of grid-connected PV
power systems, the grid requirements will be more stringent in
the future in terms of the power quality. Since the causes of
the harmonic current injection from the single-phase grid-
connected PV inverters are not well investigated in different
operation modes, there is no good guideline about how to
develop an appropriate control system to guarantee a proper
power quality of the injected current under such conditions.
For example, when the system operates at non-unity power
factor in LVRT mode to provide an amount of reactive power,
the injected current may be severely affected, which may lead
to the instability of the entire system. Therefore, it is
necessary to investigate this relationship.

In this paper, the mechanism of the harmonic current
injection from the single-phase grid-connected PV systems is
studied. In particular, the relationship between the current
power quality and the power factor and the current level under
different operation modes is analyzed. Based on these
discussions, a current control solution is proposed to suppress
the current harmonics. Finally, the proposed control method is
validated by a 1 kW single-phase grid-connected system in
order to test the effectiveness of the proposed control method.

II.  MECHANISM OF HARMONIC CURRENT INJECTION
A. Problem Description

A grid-connected single-phase PV system based on a
single-phase PQ theory control method [5], [13] is shown in
Fig. 1. It also shows a sag generator, which functions by
switching the resistance R, and R; to simulate a grid fault. B
adjusting the active power and reactive power references (P,
0), the power factor can be controlled.
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Fig. 1. Overall control structure of a single-phase grid-connected PV system
based on the single-phase PQ theory (1: normal MPPT operation; 2: low
voltage ride through operation).

As it is stated previously, the single-phase grid-connected
PV system should fulfill the requirements in different
operation modes in order to maintain the quality, stability and
reliability of the entire system. Similar to the conventional
power plants, the PV systems are expected to support the grid
by means of injecting reactive power into the grid in the
presence of a voltage drop. Consequently, the power factor is
not unity anymore and the power quality is affected.

According to the grid support requirement defined for
wind power systems by E.ON [26], the current injected into
the grid during low voltage ride through can be given as [5],

over-voltage, V>1.1pu.

normal operation, 0.9pu.<V <l1.1pu.

o ()
L=y Lo v, 0spu<r<o9pu
N
_1N+]q0, V <0.5p.u.
where,

V, Vo, and Vy are the amplitudes of the instantaneous grid
voltage, initial voltage before grid faults and the nominal
grid voltage,

1, I, and Iy are the required current, the initial reactive
current before a grid failure and the nominal current, and

k=(AL/L)(AVIV,) =2 pa., Al= 11,0, AV=V-V,.

Normally, before the grid failure, the grid voltage V= Vy
and the system is operating at unity power factor, which
means I,y = 0 A. Thus, according to (1), the power factor,
cosp, in the different operation modes can be given by,

P

COS QP = ———=
JP’+0°
1, 09pu.<V<l.1lpu. Q)

2
] , 05pu.<V<09pu.

V <0.5p.u.

in which k is defined previously. It is shown in (2) that by
regulating the active power P and reactive power QO shown in
Fig. 1, the grid current reference i", with the desirable power
factor can be generated. This relationship between the power
factor and the voltage sag depth under different k£ can be
plotted as shown in Fig. 2.
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Fig. 2. Power factor curve under different voltage sag depths according to the
E.ON grid code defined for wind power systems.

It is shown in Fig. 2 that during low voltage ride through
the power factor is changed with the voltage sag depth, which
may affect the power quality. Previous experimental results
using the proportional resonant controller which are shown in
Fig. 3 also demonstrated that both the power angle ¢ and the
current level have a significant impact on the average THD of
the injected current. Therefore, in the low voltage ride through
operation mode, the injected current might be distorted and it
is necessary to investigate this relationship in order to design
an appropriate control scheme.
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Fig. 3. Measured grid current THD vs. power angle for a single-phase grid-
connected system under different current levels in normal operation using
proportional resonant current control method.

B. Mechanism of Harmonic Current Injection
The system shown in Fig. 1 can be described by,

di

ljtg:vinv _vg’ (3)



dv,

idc = ipv T “de dt > (4)

where v;,, is the PV inverter output voltage, v, is the grid
voltage and L, is the inverter-side filter.

It is seen from (3) that if v,, or/and v, contains any
harmonics, it will propagate to the injected grid current i,
leading to a poorer THD. The grid current can be written as,

ig = LILJ‘ (Vinvl +;VinviJ_[vgl +;Vgi] > (5)

n n n
Iy :lgl+ZlCi*ZlGi=lgl+ZZgi, (6)
i=2 i=2 i=2

in which,

Vi and vy, are the fundamental frequency component and
the i-th harmonic component of the output voltage v;,,,,

ve; and vg; are the fundamental frequency component and the
i-th harmonic component of the grid voltage v,,

ig1 is the fundamental frequency component of i,, and

ic; and Ig; are the i-th current harmonic of the grid current i,
caused by the harmonic components of the inverter output
voltage v;,, and the grid voltage v, respectively.

It is also implied in (5) and (6) that the current harmonics 7;
in the injected current i, can be eliminated by the inverter
output voltage v;,, if an appropriate control method is applied
to the grid-connected PV inverter.

Given that the grid voltage quality is good enough, the
harmonics distortion induced by the grid voltage distortion
could be ignored. Since the harmonics induced by the PV
inverters are dominant in the injected current, the following
discussion is done firstly by considering of 7. By neglecting
the high switching frequency harmonics (or they can be
filtered out by means of an LC-filter), the PV inverter output
voltage v;,, can be written as,

Vinv = ApwamVae = (dPWMl +dpyy )(Vdc +74)

=dpynitVae + ApwnntVae +Vaedpwss +Vacdpwns > (1)
n
= Viml + Zvinvi
i=2

where,

dpws 1s the output of the current controller and the input to the
PWM modulator and -1< dpy, <1, dpy; and HPWM are the
fundamental frequency component and harmonic
components of dpyyy,

V4 and v, are the DC and AC components of the voltage v,
across the DC power decoupling capacitor Cy,.

This equation demonstrates that the voltage harmonics v;,,; is
induced by the PWM harmonics, dpy,, and the voltage
variation, V., across the DC capacitor. Consequently, such
impact will propagate to the injected current and affect the
power quality. Here, the high order component, ¥,.dpyy, , is
ignored for simplicity.

Let the fundamental grid voltage v, :\/EVg]cos(a),,Hgo),
the fundamental injected grid current ig1:\/§1g1cos(a)0t) and

the inverter output voltage v;,,; =V2 Vi, cos(wyt+¢-¢,) for the
following discussion. According to Fig. 1, the DC side
instantaneous power p, which is the input power of the PV
inverter and the inverter output instantaneous power p;,, can
be expressed as,

dv
_ . dc
Pdc = Vaclpy _Vdccdc dt

dﬁdc % dljc

dt 2 dt’ (8)
Piny = Vinvllgl COS({D—(pl ) + Vinvllgl Cos(zwol 2 (pl)

n n
+ lgl Z Vinvi + Vinvl Z lgi .
i=2 i=2

where w, is the grid fundamental frequency and ¢ is the
power angle.

=Vaelpy — Cdc Vdc

Neglecting the PV inverter losses, p, = p ., and p,,= vaipy
~Viwilgicos(p-¢;).  Since |V |> [Vl |ig1 |>>|igi| and
[Vigy1 2> |Vinyil in most cases and the second order component
dv./dt in the DC side instantaneous power p,. can be ignored,
the following equation can be obtained from (8),

Vol
Ve zJ.[ C’:’VI gl cos(2a)0t+(p—gol)jdt . 9)

dc Vdc

This relationship reveals that the amplitude of the variation at
the DC side |V,.| is proportional to the inverter output voltage
level Vj,,; and the grid current level /,;. This can also be
illustrated by the phasor diagram shown in Fig. 4. It can be
seen in Fig. 4 that the length of the inverter output voltage
Vi changes with the phase angle ¢, e.g. V,,,, reaches its
maximum length at ¢ = 90°, while the minimum length at ¢ =
-90° assuming that the output filter L, is mainly inductive.

Vinvl lgl vgl
—
) Xy, &
Vit = Vg1 + B Lyig

Fig. 4. Simplified model and the phasor diagram of the AC side circuit
shown in Fig. 1 (only fundamental components).

According to (7), it can be concluded that the variation
|V,4.| at the DC capacitor C,. will introduce harmonics in the
inverter output voltage v,,. This impact will pass to the
injected current and deteriorate the current quality as it is



seen from (5) and (6). This explains why under different
power angle the average THDs shown in Fig. 3 are variable.
Moreover, it is shown in (9) that ¥, mainly comprises of
even harmonics with a frequency of 2kw, (k =1, 2, 3, ...).
Consequently, dpy V4 Will produce odd harmonics with the
frequency of (2k+1)w,, k =1, 2, .... It will inherently inject
odd current harmonics because both dpy,,; and v, are
unavoidable elements in a closed-loop control for a grid-
connected PV inverter.

It is also seen from (7) that V,.dpyy, can be used to
eliminate the harmonics caused by dpy;V,. if the inverter
controller is appropriately designed; otherwise V,,.dpjy), may
even worsen the injected current harmonics level.

When a grid voltage drop happens, the power quality of
the injected current will be affected by the voltage sag. The
instantaneous inverter output power can also be expressed as,

di, .
Piny = vg+L1; lg

2V gl cOSQ+Vy 1y cos(2ayt + @)

5 ) n n )
—wyLil gy sm(Za)Ot) + [zgl ng,- + Vg Zlg’}
i=2 i=2
Similarly, ignoring the inverter power losses and the higher
order components, the following is valid,

ﬁdc

(10)

CaVae ——=Valg cos(2w01+(p)—a)0L11§1 sin(2a)0t), (11
and,
VoI LI
~ gligl 0+1'gl .
V. &= cos(2myt + @) ———=sin( 2wyt ) dt. 12
“ J. Cchdc ( ’ (0) chdc ( 0) ( )

Equation (12) implies that the voltage variation across the
DC capacitor is proportional to the grid voltage amplitude.
Therefore, in low voltage ride through operation mode, the
variation is smaller than in the normal operation. Based on
the phasor diagrams shown in Fig. 5, it can be predicted that
the power quality will be better in low voltage ride through
operation mode if the grid current is kept the same as it is in
the normal condition.

All above analysis elaborates the mechanism of harmonic
current injection of a single-phase grid-connected PV system
in different operation modes. This mechanism can be used to
develop appropriate control methods in order to suppress the
harmonic current injections from the PV inverters.

III. HARMONICS SUPPRESSION CONTROL
A. Proposed Harmonics Control Method

If the reference i; shown in Fig. 1 is a pure sinusoidal
signal at the grid fundamental frequency and the gains of the
current controller at the harmonic frequencies are high
enough, the injected harmonics will be suppressed in steady
state. Based on the Internal Model Principle (IPM), a
Proportional Resonant (PR) [3], [6], [7], [21]-[24] plus
Repetitive Current (RC) [8]-[12], [14]-0 controller (PR+RC) is
proposed to eliminate harmonic current injection, as it is
shown in Fig. 6.

40
” 1 7 p=0 ~ —e - -
Normal Operation at Unity Power Factor
& 2
3 — & -
o -~ ~N N
. \
40 o1
/
/
- ) /
1 ~_—o -~

4
Low Voltage Ride Through Operation

Fig. 5. Phasor diagrams for a single-phase grid-connected PV system in
different operation modes.
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Fig. 6. Proposed current control scheme based on internal model principle.

This current control method is designed to suppress the
harmonic distortions caused by u, and dpy,V,.. Note that,
although RC can suppress all harmonics below the Nyquist
frequency, the response of the repetitive controller is very
slow in removing high order harmonics due to its fundamental
period time-delay. Multi-Resonant Controllers (MRC), which
connects the resonant controllers in parallel for each harmonic,
can eliminate major harmonic distortions at a much faster
speed. However, it is at the expense of heavy paralleling
computation duty of the micro-controller. Moreover, when
higher order harmonics (above the 11" and/or 13" order
harmonics) need to be compensated, the MRC method will
make the system to become unstable and it is less practical
[18]. In this control structure, the PR controller is designed as
a zero-tracking-error controller at the grid fundamental
frequency and the RC controllers are designed to remove the
harmonic components. The combination of PR and RC shown
in Fig. 6 can make an optimal trade-off between control
performance and practical realization.

B. Controller Design

In the control scheme shown in Fig. 6, the transfer-
function for the repetitive controller Ggc(s) and the transfer-
function for the PR controller Gpp(s) can be expressed as,

GRC(S)_M@(S)’

= 13
l—eiT"SQ(s) ()



N
GPR(S):KP"_KRm’ (14)
0

in which K,., Kp, and Kj are the controller constants, Q(s) is a
low-pass filter for enhancing the stability of the repetitive
control system and Gf(s):eTS provides a phase-lead compensa-
tion as discussed in [15], [18], with T being the period of the
phase-lead compensation, and 7} is the fundamental period of
the grid voltage.

In the discrete-time domain, the repetitive controller can
also be expressed as,

_K,.zN0(2)

= 15
l—ZiNQ(Z) (13)

Gre (2)

Gr(2).

where N = f/f, with f; being the sampling frequency and f,
being the grid fundamental frequency. For a zero phase
compensation repetitive controller, the control gain K,. which
determines the stability range of the control system is typically
given by [8],

Due to the uncertainties, like computational delay,
inaccurate high frequency characteristics of the plant and
parameter variations, the zero-tracking-error cannot be
achieved in steady state. To overcome this drawback, the low-
pass filter O(z) is introduced to enhance the robustness of the
controller and at the cost of tracking accuracy [8], [11], [18].
Usually, it can be chosen as [§],

0(z)=az+oy+ayz ",

(17)
in the discrete-time domain, where,

200+ =1, ay,aq >0.

Moreover, G;(z)=Z" is used to compensate the un-modeled
delays in the system [8], and the value of the phase-lead
number m is determined by experiments.

Hereafter, the closed-loop control scheme can be structured
as shown in Fig. 7, where G,(s), G,(s) are the PI controllers
for the active power and reactive power respectively, and vg,,
vep are the aff components of the grid voltage generated by a
second-order generalized integrator based orthogonal

0<K, <2. (16)  generation system [2], [3], [5].
P Vea f RCControl { | !
' i
— — \ |
P (+ G,(s) X b I i /
-
0" > Gy(s) 0> i
0 Ve

Fig. 7. Closed-loop control scheme for a single-phase grid-connected system based on the single-phase PQ theory [5], [13] and the proposed current
harmonics suppression method.

IV. EXPERIMENTAL RESULTS

In order to verify the above analysis and to evaluate the
proposed current control scheme, referring to Fig. 1, a single-
phase grid-connected system is tested in the Green Power Lab
at Aalborg University and the setup is shown in Fig. 8.

Danfoss
Inverter

LC Filter

dSPACE Delta
Control Desk | DC-Source
30
Transformer
Rs

e =

Fig. 8. Experimental setup of a single-phase grid-connected system.

In this application, a Danfoss three-phase 5 kW VLT
inverter is used and it is configured as a single-phase system
which is connected to the grid through a three-phase
transformer. The control system is implemented in a DS 1103

dSPACE system. An LC-filter is employed in order to filter
out the harmonics at high switching frequencies. The other
control parameters for this test are listed in TABLE I. The
experimental results are shown in Fig. 9, Fig. 10 and Fig. 11.
TABLE I
PARAMETERS FOR THE EXPERIMENTAL VALIDATIONS

Grid Voltage Amplitude Ve=325V

Grid Frequency wo=21x50 rad/s
LC Filter L;=3.6 mH, C;=235uF
PI parameters for G,(s) K,,=1.2, K,=52
PI parameters for G,(s) K,=1, K;=50
Repetitive Controller Parameter K.=1.8

Kp=22, Kx=2000

Ki3=5000, K;s=5000, K;;=7000
(the 3", 5™ and 7" harmonics are
compensated)

PR Controller Parameters

MRC Controller Parameters

Phase-lead Compensation Number m=4

Transformer Leakage Inductance

. Ly,=4 mH, R,= 0.02 Q
and Resistance

Sampling and Switching Frequency fo=fow=10kHz




Maise Filter @ff

Tek Stop

/wDig=8.53%

Tek stap Maise: Filter Aff

E— p—
[

THDi;=4.04%

NN NN

f ig
Vg Vg
00y @ 5004 |[400ms 0.00000 < /gl 000 500234 He[143741 | (@ 100V @ 5004 [400ms 000000 5 | 0.00Y 500169 He[14:42:33

(a) normal operation (unity power factor, cos¢ = 1)

(b) low voltage ride through operation (0.5 p.u. voltage sag, cosg = 0)

Fig. 9. Experimental results for a single-phase grid-connected system in different operation modes with proportional resonant control
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A voltage sag (0.45 p.u.) is generated by switching the
resistors, Ry and R; (see Fig. 2). During the grid fault, the
system is injecting reactive power and limiting active power
output in such a way that it prevents the inverter from
overcurrent, which means that the power factor is not unity
anymore. As it is shown in Fig. 9, the current THD is lower
in the LVRT operation than in normal operation with unity
power factor, which validates that the current THD varies
with the power factor and is coincide with the above analysis.
Moreover, it is also proved in Fig. 10 and Fig. 11 that the
proposed control method can suppress the harmonics
effectively. Compared to the PR+MRC method, the proposed
PR+RC scheme has a better current quality both in normal
operation and in low voltage ride through operation with a
non-unity power factor, since it can remove high order
harmonics effectively as it is proved by the FFT waveforms
in Fig. 10. Furthermore, it has less computational burden
when it is implemented in a digital signal processor in
contrast with the PR+MRC method.

Fig. 12 and Fig. 13 show the Fast Fourier Transform of
the injected current when the system is operating in the
different modes using the PR+MRC and PR+RC current
harmonics suppression methods. Since the 3"-, 5", and 7"-
order harmonics are compensated in the PR+MRC control
scheme, such low-order harmonics are lower compared to
those in the PR+RC control scheme; while the PR+RC
control method presents an effective way to high-order
harmonics suppression.

It should be pointed out that because the very low voltage
operation as low voltage ride through mode is a short period,
the transient behavior of the PR+RC might be worse than that
of the PR+MRC. The transient performance can be improved
by means of introducing phase compensation and optimizing
the control gain K, [15], [18]. Nevertheless, the performance
of the PR+RC is better in steady state.

V. CONCLUSIONS

This paper presents the mechanism of current harmonics
injection in single-phase grid-connected PV systems in
different operation modes. The analysis reveals how the
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Fig. 12. FFT of the grid current for a single-phase grid-connected system in
normal operation using different current control methods.
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Fig. 13. FFT of the grid current for a single-phase grid-connected system in
low voltage ride through operation (0.45 p.u. voltage sag) using different
current control methods.

injected current distortion varies with the current level, the
power factor and the grid voltage level during low voltage
ride-through operation. The proposed method is designed
based on this mechanism and it can suppress the injected
harmonics effectively compared to a traditional proportional
resonant controller. It can be concluded that the low order
harmonics are dominant in the injected current. The proposed
current control method and the PR plus multiple resonant
controllers can be adopted to eliminate the harmonic injection.
A comparison between PR+MRC and the proposed method
demonstrates that the proposed control method (PR+RC) has a
better performance in removing the high-order harmonic
components in the injected current. It can be implemented in a
digital signal processor with less computational burden when
it is compared to PR+MRC method.
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