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Abstract—Photovoltaic (PV) inverters without the isolation
transformer become more attractive due to higher efficiency and
lower weight. However, it may have dc offset current problem and
is critical to the power system. In this paper, a novel control strat-
egy of suppressing dc current injection to the grid for PV inverters
is investigated. It is based on the idea of accurately sensing the dc
offset voltage of PV inverter output. Since dc component of the
inverter output can be eliminated, dc injection to the grid can be
effectively suppressed. Finally, the control scheme is verified by the
experiment.

Index Terms— DC current injection, dc offset voltage, dc sup-
pression loop, grid, photovoltaic (PV) inverter.

I. INTRODUCTION

UE to higher efficiency and smaller size, photovoltaic

(PV) inverters without isolation transformers become
more attractive in grid-connected PV systems [1]-[4], [25]-[36].
However, generally they are unable to automatically suppress dc
current injection [5], which may cause the saturation of distri-
bution transformers in the grid and result in poor power quality,
higher loss, overheating in the power system [1], [6]-[8], [18].
Consequently, standards and regulations have been formulated
to limit PV inverter dc injection to the grid [9]-[11].

To suppress dc injection, some control methods have been
proposed [1], [6], [7], [12]-[17], [23]. The methods of dc cur-
rent injection suppression can be mainly classified into four cat-
egories: blocking dc current with the capacitor, novel inverter
topology with dc current suppression ability, current-detection
control and voltage-detection control. The method of blocking
dc current with the capacitor uses a capacitor serially connected
between the inverter and the grid [12]. It requires a bulky and
expensive capacitor and may cause extra loss. Guo et al. [22]
developed a method to block dc current by using a virtual capac-
itor; however, the dynamic response of the closed-loop control
system was affected by the virtual capacitor. The method of ap-
plying inverter topology with dc current suppression ability uses
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inherent structure of the inverter topology which can prevent
dc current from injecting into the grid, e.g., the half-bridge in-
verter [13]. However, few practical topologies exist. The method
of current-detection control uses current sensors to detect the dc
current injection to the grid, but its effectiveness is limited by
the accuracy of sensor due to the inherent significant zero-drift
characteristic of Hall-effect current sensors. To solve the zero-
drift problem, an autocalibrating inverter has been proposed by
Armstrong [14]. However, this method requires determining the
switch state of the H-bridge in order to measure the inherent
zero-drift of the system.

Sharma first introduced a detecting method of dc offset volt-
age in [21]. A small 1:1 voltage transformer and an RC circuit
were used to detect the dc offset voltage at the inverter output
in the full-bridge grid-connected inverter. And the dc offset in
the grid current was eliminated by feeding back the dc offset
voltage to the PI controller. Alfock and Bowtell [19] continued
studying this method by establishing the mathematical model
and verified it. He and Xu [17] used a voltage sensor at the in-
verter output consisting of a differential amplifier and a low-pass
filter. DC offset detected at the output of the low-pass filter is fed
back to the controller. A mathematical model is provided in this
paper. However, the experimental results under grid mode were
not given. The voltage-detection control method uses sensors
to detect the dc voltage offset across the ripple filter [15]. This
method implies that very low dc voltage across the filter is mea-
sured, which is sensitive to noise. A dc offset detection method
is proposed by Buticchi [16]. However, this method needs a
nonlinear inductor. Hence, a customized inductor should be de-
signed according to specific systems.

In this paper, a novel control strategy to suppress dc current
injection of transformerless PV inverters to the grid is investi-
gated. This paper is organized as follows: Section II describes
the novel control strategy with dc suppression loop. Section III
analyzes the disturbance suppressing effect under the condi-
tion without dc suppression loop and with dc suppression loop.
Section IV depicts the tuning method of PI controller in the dc
offset suppression loop. Section V provides experimental results
to verify the theoretical analysis, and the conclusion is given in
Section VI.

II. NOVEL DC CONTROL STRATEGY

The full-bridge PV inverter without output isolation-
transformer is shown in Fig. 1. From Fig. 1, the grid current
reference i, can be expressed as

rof = Iref cos 6 (1)
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Fig. 1. Original scheme diagram of PV grid-connected inverter.
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Fig. 2. Novel scheme diagram of PV grid-connected inverter.

where I,..¢ is the amplitude of grid current command, and @ is
the phase angle of grid current which is synchronized with grid
voltage by phase-locked loop.

PV inverter output generally has dc offset voltage component,
which results from disparity of power modules, asymmetry of
driving pulses, detection error of current, etc. Traditionally, a
transformer is inserted between the PV inverter and the grid.
Although the PV inverter output may have dc voltage compo-
nent, there is no dc current injection to the grid. However, in the
case of the PV inverter without isolation transformer, the inverter
output dc offset may cause a significant dc current injection to

the grid, which may violate the grid connection standards and
cannot be neglected [20].

In order to effectively restrain dc current injection to the grid,
a control strategy for a single-phase PV inverter without the
isolation transformer is shown in Fig. 2 [17], [24].

Compared with Fig. 1, an extra dc offset voltage suppression
loop is added to the previous control scheme. The dc suppression
loop is composed of a differential amplifier, a low-pass filter,
and a dc controller.

The input of dc suppression loop is u4p, which is a high-
frequency PWM waveform sampled between the point A of
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Fig. 3.

Control diagram for PV grid-connected inverter.

inverter bridge-leg 1 and the point B of inverter bridge-leg 2.
DC offset voltage of u 4 p is accurately extracted by a differential
amplifier and a low-pass filter. Then, it is compared with inverter
dc voltage reference Ujy._.o¢ Which is set to zero, and dc offset
voltage error is obtained. The error is regulated by the integral
controller. Finally, the output of dc controller AUy, which is
also the output of dc suppression loop, is added to the grid
current reference i,.¢ of the grid current control loop.

The novel control strategy has two significant features. The
first is that the differential amplifier is used to sample the dc
offset voltage between the two bridge-leg middle points of full-
bridge inverter. To accurately detect the dc offset voltage of
the inverter switch-side output voltage u 45, a high-precision
differential amplifier with low offset and high common-mode
rejection ratio is needed. The using of differential amplifier
can not only reduce the cost, but also avoid the zero-drift by
using Hall-effect sensors. The second one is that dc suppression
loop can suppress inverter output disturbances. Therefore, the
dc current injected to the grid can be effectively suppressed.

III. ANALYSIS OF DISTURBANCE SUPPRESSING EFFECT

The control block diagram of PV grid-connected inverter is
shown in Fig. 3, which is derived from Fig. 1, where I;.¢(2)
is current reference of the inverter, G.(z) is digital controller
of current loop, and K¢ is the gain from the output of cur-
rent controller G.(z) to inverter switch-side voltage. Uyis(s)
represents the disturbance caused by the turn-on and turn-off
difference of the four switches, the saturation voltage difference
of the four switches, the gate drive signal delay difference of
the four switches, and so on. L is the output filter inductor. r is
the equivalent resistance of output filter inductor L. I,(s) is the
grid current of the inverter. K is the feedback gain of current
loop. ADC is the analog-to-digital converter which converts the
analog sampling value of /, (s) to digital one. ZOH is zero-order
holds which is connected in series between the output of digital
controller and K.

From Fig. 3, the transfer function in s-domain from distur-
bance source Uyis(s) to grid current I, (s) with the original
control scheme can be derived as follows:

Iy (s)
Ulis ()
where K),; and Kj; are the proportional and integral coefficient

of current controller, respectively. e~(*7%) is the delay effect
considering time delay caused by ADC, digital computation

S - 67<Tﬂ 9)

= 2
s(sL+r)+ K1 K¢ (Kpis+ Ki;) @
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and ZOH, where T is the duration of sampling period [38],
Ts=1/fs, s is switching frequency of PV inverter.

In theory, if both the feedback gain of current loop K7 and
ADC are accurate enough, the dc offset of grid current can
be eliminated with PI regulator. However, it is actually limited
by ADC resolution and accuracy of the current sensor. The
maximum grid dc current detecting error A, can be calculated
as

Al, = Al + Al 3)

where Al represents error caused by ADC resolution. Al
represents error caused by the error of current sensor and con-
ditioning circuit.

A. Analysis of Detecting Error Caused by ADC

When N-bit ADC is adopted, the DSP sampled digital value
I, of the grid current I, for the PV grid inverter can be ex-
pressed as

2N
Is=1I,Xx ————
RN CER) Y A
where I, , is peak to peak value of the rated grid current, and
[ represents the overload coefficient of the grid current.
From (4), the detecting error of the grid dc current Al
caused by the ADC resolution is given by
(14 8) x I X Aly,
2N
where Al is ADC error of the DSP.

“4)

Al = ®)

B. Analysis of Detecting Error Caused by a Current Sensor
and Conditioning Circuit

The grid dc current detecting error Al caused by the error
of the current sensor and conditioning circuit is given by

Al Lem %
K Ky
where Al and Alge, represent the error caused by cur-
rent sensor and conditioning circuit, respectively. K7 is current
conversion ratio of the current sensor. K7 is gain of the condi-
tioning circuit. Therefore, by substituting (5) and (6) into (3), the
maximum gird dc current detecting error A, can be calculated

as

Algy = 6)

(1 + 6) X Ip,p X Algs AILem AICon
2N K] Kj

Let us take a PV grid inverter as an example with parameters
listed as follows. Rated power P, = 3 kW, rated grid voltage
Uy = 220 V., peak-to-peak value of the rated grid current
I, , = 38.6 A, overload coefficient of the grid current 5 = 0.2,
the current sensor accuracy Ay, = £0.1 mA, and conversion
ratio of the current sensor K| = 0.0015. The conditioning cir-
cuit error Alc,, = +0.2 mA, the gain of conditioning circuit
K} = 0.25. The ADC error Al,, = £1.5 LSB. By substitut-
ing the above parameters into (7), the relationship between the
ADC bit N and the total grid dc current detecting error A, is
drawn in Fig. 4. The solid line shows the relationship between

AL = )
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the ADC bit IV and the grid dc current detecting error A, with
the original control scheme. The dotted line is the dc current
limit standard [9]-[11]. It can be seen from Fig. 4 that the grid
dc current detecting error is larger than the standard value with
traditional control.

C. Analysis of Detecting Error With the Novel Control Strategy

In order to realize that the grid dc current detecting error is less
than the standard value, the new control scheme is introduced in
this paper. As shown in Fig. 5, an extra dc suppressing loop is
introduced to the original control scheme of PV grid-connected
inverter. U4 g () is the voltage between the two bridge-leg mid-
dle points of full-bridge inverter, and G p; (z) is digital controller
of dc suppression loop in z-domain. G (s) is the feedback gain
of dc suppression loop. I, ; (s) is the grid current of the converter
under the new control scheme.

From Fig. 5, the relationship between Uy 5 (s) and the grid
current [ (s) can be derived as

Uap(s) = Uy(s) + (sL+7) - I (s) (8)

where L is filter inductor and r is equivalent resistance of the
filter inductor. For the dc component of the inverter, (8) can be
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simplified as

U
e =~ ©

where U4 p_pc is the dc component of Uy g ().

The dc suppression loop in Fig. 5 is designed to detect the dc
component of the converter switch-side output voltage U4 s ().
The relationship between the dc component of U4 g (s) and the
DSP sampling value U4 g can be derived as

2N
Uaps =Uap_pc - (10)

Ud(:,max
where Uge_max 1S maximum dc offset voltage. By combining
(9) and (10), we obtain

i _ UaemaxUanps
g-de N

(11)

Furthermore, the grid dc current detecting error A ;,dc with
the novel control strategy can be given by

AI/ o Udc,max X AUvABs
g-de 2N x 7

where AU g, is ADC error of the DSP we used.

Considering the PV grid inverter system: the value of AU 4
is =1.5LSB, maximum dc voltage Ugje_max 18 0.5 V, and r is
0.26 2. The relationship between the ADC bits and the grid dc
current detecting error with the novel control scheme is shown
in Fig. 4. The solid line is the relationship between the ADC
bits and the grid dc current detecting error with the original
control scheme. The dash line is the relationship between the
ADC bits and the grid dc current detecting error with the novel
control scheme. The dotted line represents the dc current limited
standard. It can be seen from Fig. 4 that the grid dc current
detecting error is lower than the standard value with the novel
control scheme if the ADC number of bits is greater than 9.

(12)

D. Comparison of DC Suppressing Effect

From Fig. 5, the transfer function from disturbance source
Ulis () to grid current /| ; (s) in s-domain with the novel control

scheme can be derived as
I (s)

93 2 (=8Ts) 12 (oL + 1

Udis (5) /s )

+ K¢g - Gdc(s) (Kms + K“j) (Kpds + K’id) (sL+)

+ Ky - Kg ~5(K],Z'S+K7j7j)]. (13)

From (2) and (13), the dc current suppression effect is shown
in Fig. 6; here, parameters are presented in Table I. It can be
seen from Fig. 6, low frequency of dc current suppression effect
with the novel control scheme is much better than that with the
original control scheme.

IV. TUNING OF PI CONTROLLER IN THE DC OFFSET
SUPPRESSION LOOP

Fig. 7 shows the equivalent control diagram with dc offset
suppression loop, which is derived from Fig. 5.
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TABLE I
PARAMETERS OF PV INVERTER
Parameter Symbol Value
Rated power P, 3kW
Grid voltage U; 220V
Grid frequency f S0Hz
DC link capacitor C 2.75mF
Current loop integral coefficient K 1560
Current loop proportional coefficient K, 1.2
Output filter inductance L, SmH
Output filter inductance L, SmH
Switching frequency s 10kHz
DC suppression loop integral coefficient Ky 0.473
DC suppression loop proportional coefficient Ko 0.015
Feedback gain of current loop K, 1/27
Equivalent resistor of output filter inductance r 0.26Q2
DC feedback gain of DC suppression loop Gac(s),s=0 2
The gain from the output of current controller to inverter Kg 360
switch-side voltage
100 where K),; and K;; are the proportional and integral parameters
m of current loop, respectively, which are designed as: K; = 1.2
& T LU [T TTTI] and K;; = 1560. (The bandwidth of current loop is designed as
~ 10 . without DC suppression lopp . . L. . .
a " 800 Hz.) Gq.(s) is the feedback gain which includes differential
-§ i \ [ L [ 1] amplifier and low-pass filter, which can be expressed as
:_-‘ - M
= _30 1 ! ......_-*___—-"!._.—._-' 111 2
m .
= _1|0M |- ....u.'.' 1 | —_— GdC (3) - ) (15)
= T S B
Y = -. \ (]_—i—m)
17 et | with DC suppression loop! ||
i where f1 p is the cut-off frequency of the second-order low-pass
for 01 1 10 . . .
filter for the dc suppression loop, which has been designed at
Frequency(Hz)
3 Hz.
Fig. 6. DC current suppression effect. The bandwidth of dc suppressing loop is designed as 1 Hz,
which is much smaller than the bandwidth of current loop. The
: """"""" 1 zero-point frequency of PI controllers of dc suppression loop is
| R ot =T S R designed as 5 Hz. Therefore, the proportional coefficient K4
Digital : | DC suppression loop | c . A P
:m:ﬁ:;;;m-: Ve rer=0' : and integral coefficient K;; of dc suppression loop can be cal-
+ | ) : 1 culated from the following equations [37]:
ADC G 4.(5) t (sL+r) .
! : 2 AK[ =
_______ -I--------.--. T pd
Uas s+ K (16)
] aids) ' Ge_offset (s) - LpastKia) -1
_IL ' ] 1 p (s) s s=2m-1
G. Kq —— > .
sl W | e Ussls) [SLHT From (16), the parameters of the dc suppression loop are
: finally chosen as K),q = 0.015 and K;q = 0.473.
1
1
40C K V. EXPERIMENTAL RESULTS
_____________ 1

Fig. 7.

Equivalent control diagram with DC offset suppression loop.

From Fig. 7, the open-loop uncompensated transfer function
of equivalent dc suppression loop can be expressed as

Kg - Gac (s) - (Kpis+ Kii) - (sL+7) - el 579

Ls? + (T‘ + Kqg -Klei) s+ Kqg - K1 Ky
(14)

Gc_offset (S) =

The experimental platform is constructed with a 3-kW full-
bridge inverter which is used to verify the novel control strat-
egy. The scheme diagram of experimental platform is shown in
Fig. 8. The switching frequency of the converter is 10 kHz. The
control scheme is implemented with a 32-bit fixed-point DSP
TMS320F2808 in the experiments.A shunt resistor 7.5 mf2 is
connected in series between the inverter output and the grid in
order to measure the dc current injection to the grid. The voltage
across the shunt is filtered a low-pass filter (RC) with a cut-off
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Fig. 13.  Comparison of dc suppression effect under different output power.

frequency of 1 Hz in order to suppress 50 Hz component, and a
digital multimeter is used to measure the dc offset voltage [23].

The parameters of PV inverter are shown in Table I. Figs. 9,
10, 11, and 12 show the effect of dc suppression loop at 37.5%
rated power, 50% rated power, 75% rated power and rated power,
respectively. From top to bottom, channel 1 shows the waveform
of grid voltage, channel 2 shows the waveform of grid current,
and channel 3 shows the waveform of dc injection to the grid.
From Fig. 9(a), it can be seen that dc current injection is greatly
suppressed by dc suppression loop under 37.5% rated power.
Fig. 9(b) shows the waveforms of zoom 1 with dc suppression
loop. At first, the dc current injection to the grid by grid inverter

(b) (c)

DC current suppression effect at rated power. (a) DC current suppression effect. (b) Zoom 1. (¢c) Zoom 2.

is about —75 mA. At the time point ¢t = 2 s, the dc suppression
loop starts to operate. From Fig. 9(b), it can be seen that the
dc current injection decreases under the functioning of dc sup-
pression loop. Meanwhile, waveforms of grid voltage and grid
current remain good. Fig. 9(c) shows the steady-state waveforms
with the novel control strategy.

From Fig. 10(a), it can be seen that dc current injection is
greatly suppressed by dc suppression loop under 50% rated
power. Fig. 10(b) shows the waveforms of zoom 1 with dc
suppression loop. At first, the dc current injection to the grid
by grid inverter is about —77 mA. At the time point ¢ = 3.3 s,
the dc suppression loop starts to operate. From Fig. 10(b), it
can be seen that the dc current injection decreases under the
functioning of dc suppression loop. Meanwhile, waveforms of
grid voltage and grid current keep good. Fig. 10(c) shows the
steady-state waveforms with the novel control strategy.

From Fig. 11(a), it can be seen that dc current injection is
greatly suppressed by dc suppression loop under 75% rated
power. Fig. 11(b) shows the waveforms of zoom 1 with dc
suppression loop. At first, the dc current injection to the grid by
grid inverter is about —90 mA. At the time point ¢ = 3.3 s, the
dc suppression loop starts to operate. From Fig. 11(b), it can be
seen that the dc current injection decreases under the operation
of dc suppression loop. Meanwhile, waveforms of grid voltage
and grid current keep good. Fig. 11(c) shows the steady-state
waveforms with the novel control strategy.

From Fig. 12(a), it can be seen that dc current injection is
greatly suppressed by dc suppression loop under rated power.
Fig. 12(b) shows the waveforms of zoom 1 with dc suppression
loop. At first, the dc current injection to the grid by grid inverter
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is about —92 mA. At the time point¢ = 1.8 s, the dc suppression
loop starts to operate. From Fig. 12(b), it can be seen that the dc
current injection decreases under the function of dc suppression
loop. Meanwhile, waveforms of grid voltage and grid current
keep good. Fig. 12(c) shows the steady-state waveforms with
the novel control strategy.

Fig. 13 shows the summary of dc suppression effects with dc
suppression loop under different inverter output power ratings.
The inverter output power changes from 25% rated power to
rated power. It can be seen that the absolute value of maximum
dc current injection is 92 mA without dc suppression loop, while
dc current injection to grid is suppressed below 5 mA with dc
current suppression loop over the full power range. Compared
with the standards of dc current injection [9]-[11], it can be
seen that the novel dc current control strategy can meet the
requirement [9]-[11].

To test the ability of dc suppression loop on suppressing dis-
turbance, the dc offset is injected to the reference grid current
(see Fig. 8). Fig. 14 shows the dc suppression effect with dc cur-
rent suppression loop under different disturbances. The inverter
output power is fixed at rated power. Inverter is injected with
different disturbances to the reference grid current which cause
different dc current injections to the grid. The absolute values
of dc current injections caused by different disturbances are 80,
160, 240, 320, and 400 mA, which are also the dc current in-
jections without dc suppression loop as shown in Fig. 14. With
the dc suppression loop, the dc current injection to grid is able
to be suppressed below 5 mA. Compared with the standards of
dc current injection [9]-[11], it can be seen that with the novel
dc current control strategy the requirement is still fulfilled when
different disturbances are injected to the inverter [9]-[11].

VI. CONCLUSION

This paper investigated a novel control strategy to eliminate
dc current injection to the grid for single-phase PV inverter with-
out the isolation transformer. It is based on accurately sensing
the dc offset voltage between the two bridge-leg middle points of
full-bridge inverter. The novel control strategy is inherently free
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from offset measurement errors. Both analysis and experimental
results show that the novel control strategy can effectively sup-
press dc injection current of PV system under grid-connected
condition.
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