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Suppression of DC Current Injection in
Transformerless Grid Connected Inverters using a DC
Link Current Sensing Approach

Abstract — There is increasing interest in the use of transformer-less systems for grid connected photovoltaic applications. Compared to
transformer coupled solutions, transformer-less systems offer a typical efficiency increase of 1-2%, reduced system size and weight, and
a reduction in cost. However, the removal of the transformer has technical implications. In addition to the loss of galvanic isolation, dc
current injection into the grid is a potential risk. Whilst desirable, complete mitigation of dc current injection via convention current
control methods is known to be particularly challenging. For this reason, this paper proposes an active dc suppression method, in which
the dc current injection is accurately determined by extracting the line frequency component from inverter dc link current measurements
and then mitigated with an active closed loop controller. Experimental results from a laboratory grid connected inverter system are
presented to demonstrate the high performance of the proposed technique.
Key Words—Transformer-less, Grid Connected, Power Quality, Power Converters, DC Injection Suppression.

I. INTRODUCTION
IN recent years, an increasing number of small-scale photovoltaic systems have been connected to the distribution network. At
the heart of these low-power systems is a high efficiency power electronic converter that typically injects unity power factor current
into the grid. Many conventional power converters are coupled to the grid using a line frequency transformer, which is large, heavy,
and costly. Alternative topologies have been developed to enable the use of smaller, lower cost, high frequency transformers.
Furthermore, in recent times, new promising topologies and control methods have been implemented to facilitate less bulky, cost
effective, transformer-less solutions [1-3].
Unfortunately, without galvanic isolation, there are several well understood technical and safety issues to consider. Among
these issues, the risk of dc current injection flowing into the network remains a potential concern [3-5]. Dc current injection may
arise via the accumulation of several causes including non-ideal semiconductor device characteristics, asymmetries in switching
behavior, gate drive circuit delays; small dc bias in current reference signals, quantisation errors in digital systems, and nonlinearity and offset drift in typical Hall effect transducers [5-7]. Whilst dc current injection from an individual
inverter may be very small, the accumulative effect from multiple inverter installations can potentially saturate local distribution
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transformers, adversely affect the normal load operation, and degrade power cables over time [5],[6],[8]. As a result, strict national
guidelines and recommendations are normally in place to limit the dc current injection of an individual inverter unit [9]. A typical
limit is 0.5% of the full load rated current. However, dc injection within these norms can still produce 50% larger excitation current
in the distribution transformer [10]. Much research has been proposed to mitigate, or suppress, dc current injection at an individual
inverter level. Broadly speaking, literature shows these solutions fall into the following four categories: i) sensor calibration
techniques; ii) passive removal of dc current injection; iii) active dc suppression techniques; iv) advanced software solutions.
A typical sensor calibration method is proposed in [6],[11]. Here, an auto-calibration technique is presented to compensate for
offset drift and nonlinearity in the current transducer. Due to the large inverter current controller gain at low frequencies, effective
suppression of the dc injection is demonstrated. However, the calibration process requires double the sampling rate and the method
is only effective for limited topologies and dc sources. With regards to passive cancellation approaches, a series dc blocking
capacitor approach is common. This is only inherent in particular inverter topologies, for example the half-bridge inverter.
However, these converters are not necessarily the optimal choice in grid connected applications. For this reason in many commonly
selected topologies, such as the H-bridge, an electrolytic capacitor circuit can be placed between the inverter output and the point
of common coupling [12]. Polarized electrolytic capacitors are not a desirable choice given the ac output of the inverter, however,
they provide the necessary high capacitance value and voltage ratings. Given this, a polarity protection circuit is often included to
preserve the integrity of the capacitors. More recently, attention has focused on active dc suppression techniques. Here, the dc
current injection is directly measured, or indirectly estimated, via appropriate sensing and measurement techniques. Along with a
dedicated control algorithm, the measurement feedback is utilized to actively compensate the dc current component. For example,
the authors in [13] introduce a direct dc measurement technique based on a simple magnetic circuit composed of a magnetic core
and compensation winding. Although this structure reduces the ac flux component without influencing the dc flux, the performance
of dc the measurement relies greatly on the compensation winding, furthermore the dc current determination from the combined
flux measurements is a non-trivial task. In [14], a 1:1 coupled inductor combined with a small-range current sensor is utilized to
measure the dc current directly. However, this technique requires an extra sensor set combined with a specially designed coupledinductor to achieve robust performance. Other approaches have discussed indirect dc current estimation by sensing the dc voltage
offset introduced by the low pass filter ESR and dc current injection. Authors in [15] investigate a solution using a small 1:1 voltage
transformer and an RC circuit to detect the dc offset voltage; however, complete removal of the dominant ac voltage component
is difficult to achieve considering the phase shift between the grid voltage and the inverter output; hence acquiring an accurate dc
voltage measurement is challenging. As a result, Ahfock and Bowetell in [16] introduce a double-stage RC circuit connected across
the ripple filter. However, the small dc voltage offset detected is prone to noise. In addition, there are high common-mode voltage
problems to consider. In [17] a dc suppression loop is proposed. Here, the dc voltage offset is measured at the inverter output via
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a differential amplifier and a low-pass filter. This effectively resolves common-mode voltage problems, but the step-down offset
voltage from the differential amplifier introduces accurate measurement challenges. Other state-of-the art solutions have been
investigated using non-linear reactors [7],[18]. Typically, these schemes offer precision sensing but are very sensitive to the reactor
design, and rely on sophisticated control solutions.
Unlike all aforementioned measurement techniques, active software solutions attempt to obtain the dc component from existing
control feedback measurement signals. Generally, a major advantage is avoiding the need for additional hardware. Several
techniques have been investigated in literature, all of which attempt to measure, or mitigate the dc injection. A real-time dc current
measurement technique is proposed using double integration of the output current, building upon this, Guo et al. in [19] use the
double integrator output within a feedback loop to compensate dc current injection. From a control perspective, this feedback loop
acts as a software equivalent to the series blocking capacitor approach; hence it is often referred to as virtual capacitor concept.
The major concern of the virtual capacitor approach is the accuracy of the current sensing circuit. If the sensor operating point
drifts or the dc injection is not correctly sensed, the feedback control is likely to offer poor performance. The authors in [20]
introduced an indirect dc estimation based on the software extraction of the dc link line-frequency voltage. As the dc link capacitor
voltage is already sensed within the inverter system, no extra hardware is needed. However, owing to the minimal line-frequency
voltage ripple (millivolts scale) on the dc link capacitor, accurate measurement of this ripple component which is superimposed
onto a much larger dc voltage is challenging; any inaccuracy in the measurement ultimately results in degraded dc mitigation
performance.
As mainstream literature continues to show, dc component mitigation is a challenging problem in grid connected inverter
applications. For this reason, this paper introduces a novel dc suppression approach for single-phase grid connected transformerless full-bridge inverters based on dc link current measurements. The dc current is extracted from the dc link current waveform
and suppressed via an active control loop. Furthermore, fundamental ac current control is simultaneously implemented using the
same dc link current measurement, thus eliminating the need for a conventional output current sensor.

II. DC INJECTION ANALYSIS
This study focuses on a unipolar PWM switched transformer-less H-bridge inverter; a well understand and widely adopted
topology for single phase PV applications due to its relatively small output filter requirements (Fig. 1). The four key switching
states for the H-Bridge are listed in Table 1; states 1&2 are referred to as conducting states, states 3&4 are referred to as
freewheeling states. The H-bridge inverter can be modelled using a switching function 𝑆(𝑡) which mathematically relates the dc
input to the ac output, as shown in Fig.2. Neglecting high-frequency components, the line frequency representation of 𝑆(𝑡) is [20]:
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𝑆(𝑡) = 𝑀𝑖 𝑠𝑖𝑛(𝜔𝑡 + 𝜑1 )
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(1)

𝑀𝑖 is the modulation index, 𝜔 is the fundamental frequency of the grid and 𝜑1 is the phase difference with respect to the grid
voltage. From this, and with reference to Fig.2, the following voltage and current can be expressed:
𝑉𝑜𝑢𝑡 (𝑡) = 𝑉𝑑𝑐 𝑆(𝑡) = 𝑉𝑑𝑐 𝑀𝑖 𝑠𝑖𝑛(𝜔𝑡 + 𝜑1 )

(2)

𝐼𝑑𝑐𝑙𝑖𝑛𝑘 (𝑡) = 𝐼𝑔 𝑆(𝑡) = 𝐼𝑔 𝑀𝑖 𝑠𝑖𝑛(𝜔𝑡 + 𝜑1 )

(3)

As in most transformer-less applications, the inverter output current normally contains a fundamental ac component and dc
component. This can simply be expressed as:
𝐼𝑔 (𝑡) = 𝐼𝐴𝐶 𝑠𝑖𝑛(𝜔𝑡 + 𝜑2 ) + 𝐼𝐷𝐶

(4)

In (4), 𝐼𝐷𝐶 is the magnitude of the dc current injection, 𝐼𝐴𝐶 is the magnitude of ac output current, 𝜑2 is the phase difference with
respect to the grid voltage. Substituting (4) into (3) yields:
𝐼𝑑𝑐𝐿𝑖𝑛𝑘 (𝑡) = [𝐼𝐴𝐶 𝑠𝑖𝑛(𝜔𝑡 + 𝜑2 ) + 𝐼𝐷𝐶 ]𝑀𝑖 𝑠𝑖𝑛(𝜔𝑡 + 𝜑1 ) (5)
As described in (6), the dc and second harmonic component of the dc link current are determined by ac component and phase
angles, whilst the line frequency component is solely introduced by dc injection. Assuming neglectable filter phase shift and unity
power factor operation 𝜑1 = 𝜑2 = 0. In this case, it can be shown that:
𝐼𝑑𝑐𝐿𝑖𝑛𝑘 (𝑡) =

𝑀𝑖 𝐼𝐴𝐶
[1 − cos(2𝜔𝑡)] + 𝐼𝐷𝐶 𝑀𝑖 𝑠𝑖𝑛(𝜔𝑡) (7)
2

Equation (7) shows that the inverter ac output current results in the second harmonic component of the dc link current.
Furthermore, it shows that the dc current component in the inverter output results in a fundamental frequency component in the dc
link current. Thus, importantly, accurate measurement and extraction of the fundamental of the line-frequency component in the
dc link facilitates determination of the dc component in the inverter output.

𝐼𝑑𝑐𝐿𝑖𝑛𝑘 (𝑡) =

𝑀𝑖 𝐼𝐴𝐶
[(1 − 𝑐𝑜𝑠2𝜔𝑡)𝑐𝑜𝑠𝜑1 𝑐𝑜𝑠𝜑2 + 𝑠𝑖𝑛2𝜔𝑡(𝑠𝑖𝑛𝜑1 𝑐𝑜𝑠𝜑2 + 𝑠𝑖𝑛𝜑2 𝑐𝑜𝑠𝜑1 ) + (1 + 𝑐𝑜𝑠2𝜔𝑡)𝑠𝑖𝑛𝜑1 𝑠𝑖𝑛𝜑2 ]
2
+𝐼𝐷𝐶 𝑀𝑖 𝑠𝑖𝑛(𝜔𝑡 + 𝜑1 )

(6)
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Fig. 1. Typical transformer-less H-bridge inverter with dc link sensor
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A. Analysis of Conducting Sampling with Dead-time Effect
As shown in Table I, in a unipolar switched H-bridge inverter, the dc link current has the same magnitude as the output current
during a conducting state, whilst there is no current in the dc link during a freewheeling state. Consequently, the dc link current is
made up of a train of PWM related current pulses. Previous studies have proven that, without over-modulation, the freewheeling
measurement and conducting measurement can be separately determined by sampling at the peak or zero-crossing point of the
modulating triangular carrier [6]. Therefore, the peak sampling utilized in conventional current control results in a series of zero
measurements. To fully preserve knowledge of the dc link current, the samples have to be taken at the point where the triangular
modulation signal crosses zero. Deadtime clearly has to be inserted between the required switching edges. Although it is a small
amount of time depending on the characteristic of the switches, it reduces the duration of the conducting states as shown in Fig. 3.
At low PWM demands, where the conducting pulses are narrow, the deadtime can eliminate the conducting pulses, or result in a
zero-state measurement. Fortunately, as few PWM pulses are affected, the impact is limited. The reduction in conducting period
introduced by deadtime can be calculated as:
𝑃𝑟𝑒𝑑 =

𝑡𝑑
= 𝑡𝑑 𝑓𝑠
𝑇

(8)

For a 20 𝑘𝐻𝑧 switching frequency with a deadtime of 500 𝑛𝑠, the duty cycle reduction is 1% in each pulse.
B. DC Injection in Conducting DC Link Current
When operating at unity power factor (PF), the dc link conducting measurement is equal to the absolute inverter output current
as shown in Fig. 4. Considering potential dc current injection, the conducting dc link current can be expressed as:
𝐼𝐶𝑜𝑛𝑑 (𝑡) = |𝐼𝑔 (𝑡)| = |𝐼𝐴𝐶 𝑠𝑖𝑛𝜔𝑡 + 𝐼𝐷𝐶 |

(9)

Depending on the polarity of the conducting state, dc injection is observed as a square wave and offsets the conducting dc link
current as shown in Fig. 4. The frequency spectrum of the dc link current is determined via Fourier analysis, as defined in (10).
∞

4𝐼𝐴𝐶 1
1
𝐼𝐶𝑜𝑛𝑑 (𝑡) =
( −∑ 2
𝑐𝑜𝑠2𝑛𝜔𝑡 ) +
𝜋 2
4𝑛 − 1
⏟
𝑛=1
𝐸𝑣𝑒𝑛 𝐻𝑎𝑟𝑚𝑜𝑛𝑖𝑐𝑠

∞

4𝐼𝐷𝐶
∑
𝑠𝑖𝑛[(2𝑛 − 1)𝜔𝑡] (𝑛 = 1,2,3 … )
(2𝑛 − 1)𝜋
⏟
𝑛=1

(10)

𝑂𝑑𝑑 𝐻𝑎𝑟𝑚𝑜𝑛𝑖𝑐𝑠

From (10), it can be seen that the even harmonics in the dc link current waveform are attributed to the fundamental ac
component, whilst the odd harmonics are attributed to the dc current injection component in the system. Simplification of (10) is
achieved by considering the impact on the line frequency ripple only (n equal to 1.) Thus:
𝐼𝐶𝑜𝑛𝑑 (𝑡) =

2𝐼𝐴𝐶 4𝐼𝐴𝐶
4𝐼𝐷𝐶
−
𝑐𝑜𝑠2𝜔𝑡 +
𝑠𝑖𝑛𝜔𝑡
𝜋
3𝜋
𝜋

(11)
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Comparing with (7), the line frequency component is proportional to the dc current injection as described in (11). However, the
magnitude of the line frequency component is now greater compared to (7), assuming Mi < 1. Therefore, the ability to extract the
dc component accurately is improved.
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Fig. 4. Conducting current at unity power factor
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Fig. 5. Block diagram of the proposed extraction

III. PROPOSED DC SUPPRESSION APPROACH
The proposed dc suppression approach is shown in Fig. 5. The approach is based on digitally sampling the dc link current from
current sensor (CS) during conducting periods. For a grid connected inverter system, a phase-locked loop (PLL) is generally
utilized to provide synchronization with the grid. The output of the PLL is utilized by the proposed scheme for phase detection.
Based on the aforementioned Fourier signal analysis technique, the line frequency of the conducting current is obtained by
multiplying with a sine function at the same fundamental frequency.
𝐼𝐸𝑥 (𝑡) = 𝐼𝐶𝑜𝑛𝑑 (𝑡)𝑠𝑖𝑛𝜔𝑡

(12)

Then, through substituting 𝐼𝐶𝑜𝑛𝑑 by (11), the frequency components of 𝐼𝐸𝑥 can be expressed as:
𝐼𝐸𝑥 (𝑡) =

2𝐼𝐴𝐶
4𝐼𝐴𝐶
2𝐼𝐷𝐶
2𝐼𝐷𝐶
𝑠𝑖𝑛𝜔𝑡 −
cos 2𝜔𝑡𝑠𝑖𝑛𝜔𝑡 −
cos 2𝜔𝑡 +
𝜋
3𝜋
𝜋
𝜋

(13)

As described in (13), 𝐼𝐷𝐶 can now be determined from a dc quantity, rather than the line frequency component in (11). For the
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purposes of dc extraction, the remaining ac quantities are redundant and they can be removed using a digital low-pass filter. As a
practical point, owing to the narrow frequency range between the low-frequency ac polynomials and dc quantity, a low cut-off
frequency (< 1 Hz) is required to effectively isolate the dc component. To improve that, an averaging algorithm is implemented
following the filter, as shown in Fig. 5. This is required to remove the high frequency terms first expressed in (10), which reflects
the complete characteristic behavior of the dc link conducting current. The averaging algorithm is simple to implement, and also
relieves some of the burden on the low pass filter. With the combination of low-pass filter and average algorithm, the dc injection
can be accurately determined from the resulting dc component at the output:
𝐼𝐷𝐸 =

2
𝐼
𝜋 𝐷𝐶

(14)
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Fig. 8. DC link sensing approach with dc suppression control

The frequency components in (13) are derived from the fundamental frequency of conducting current only. As described in
(10), the conducting current contains a wide range of frequency components, the frequency response of the proposed approach is
analyzed to validate the extraction of the line frequency component.
A. Analysis of Frequency Response of Extraction
The control diagram for the proposed dc determination scheme is shown in Fig.6. As the line frequency component of the
conducting current is obtained via multiplying by a fundamental frequency sine function, this process can be expressed as an sdomain transfer function (15), in which 𝜔0 is the fundamental frequency of the grid.
𝐺𝑠𝑖𝑛 (𝑠) =

𝑠2

𝜔0
+ 𝜔0 2

(15)

𝐺𝑠𝑖𝑛 (𝑠) provides infinite gain at frequency 𝜔0 with greater attenuation at high frequencies [21],[22]. A first order low-pass filter
𝐺𝑓 (𝑠) (𝜔𝑐 /( 𝑠 + 𝜔𝑐 )), where 𝜔𝑐 is the cut-off frequency, and averaging, 𝐺𝑎𝑣𝑔 (𝑠), is then applied to further eliminate the high-
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frequency components. The averaging process can be expressed as a sliding window integration, where 𝑇 is the averaging period.
𝑡−𝑇
1 𝑡
1 𝑡
∫ 𝑢(𝜏)𝑑𝑡 = [∫ 𝑢(𝜏)𝑑𝑡 − ∫ 𝑢(𝜏)𝑑𝑡]
𝑇 𝑡−𝑇
𝑇 0
0

𝑦(𝑡) =

(16)

Based on (16), the s-domain representation of the averaging can be derived as (17).

𝐺𝑎𝑣𝑔 (𝑠) =

𝑌(𝑠)
1 − 𝑒 −𝑠𝑇
=
𝑈(𝑠)
𝑠𝑇

(17)

Significant attenuation is found at each integer harmonic of fundamental frequency, 𝑛𝜔0 . This is because the output of the
average filter is effectively zero for periodic signals (e.g. sin and cos). Given (17), the transfer function of the proposed line
frequency extraction process can be expressed as:

𝐺𝑒𝑥 (𝑠) =

Icond

1
𝜔0 𝜔𝑐 (1 − 𝑒 −𝑠𝑇 )
𝐼𝐷𝐶 (𝑠)
𝑇
=
𝐼𝐶𝑜𝑛𝑑 (𝑠) 𝑠 4 + 𝜔𝑐 𝑠 3 + 𝜔0 2 𝑠 2 + 𝜔0 2 𝜔𝑐 𝑠
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-

+

Gdc(s)

(18)

Icom

IDC*=0

Fig. 6. Control diagram of the dc suppression loop

Fig. 7. Frequency response of the line frequency extraction

IV. ANALYSIS OF DC LINK CURRENT CONTROL AND SUPPRESSION
Generally, a conventional single phase grid-connected inverter system is controlled using inverter output current measurements.
However, for the proposed dc suppression approach, a current sensor must be placed in the dc link. The use of two current sensors
is undesirable increases the cost and complexity of the system. As the conducting dc link current used for dc suppression has the
same magnitude of the output current, a simple reconstruction can be carried out to restore the output current digitally, eliminating
the need for the conventional output current sensor. The output current control loop is then implemented as per a conventional

IEEE TRANSACTIONS ON ENERGY CONVERSION

10

inverter. The control diagram of the dc link sensing technique, including current reconstruction and dc suppression, is shown in
Fig. 8.
A. Current Control and DC Suppression based on DC Link Sensing Technique
Through the aforementioned conducting dc link sampling, the magnitude of the inverter output current is known. However,
knowledge of the polarity is required to fully restore the output current waveform digitally. As reported in [6] the PWM index can
be used to determine the polarity information. With positive PWM demand, the polarity of the conducting dc link current is the
same as the inverter output current. For negative PWM demand, the conducting dc link current polarity is the opposite of the
inverter output current. In this case, the output current is obtained by inverting the conducting dc link current measurement. The
reconstruction process is shown in Fig. 8, where 𝐺𝑠𝑤 (𝑠) and 𝐺𝑝 (𝑠) represent the switching function and polarity information from
the PWM unit respectively. Following this procedure, provided the current waveform is obtained accurately, the transfer function
of the current reconstruction may be expressed as:
𝐺𝑟𝑒𝑐 (𝑠) =

𝐼𝑔 ′(𝑠)
=1
𝐼𝑔 (𝑠)

(19)

With the output current available from the reconstruction, a conventional current loop is implemented where, as shown in Fig.
8, 𝐺𝑐 (𝑧) is a typical PI or PR controller. As described in (20), 𝐾𝑝𝑤𝑚 is the PWM gain, 𝐺𝑓 (𝑠) is the output filter transfer function,
𝑇𝑠 is the sample time. 𝐼𝑟𝑒𝑓 (𝑠) is the sinusoidal current demand and 𝐼𝑐𝑜𝑚 (𝑠) is the compensation current from the dc suppression
loop. By using a PR controller, the gain of 𝐺𝑐 (𝑧) at fundamental frequency is very large. Therefore, the effect of the grid voltage
𝑈𝑔 (𝑠) can be neglected. As such;

𝐼𝑔 (𝑠) =

𝐺𝑐 (𝑧) 𝑒 −𝑠𝑇𝑠 𝐾𝑝𝑤𝑚 𝐺𝑓 (𝑠) [𝐼𝑟𝑒𝑓 (𝑠) − 𝐼𝑐𝑜𝑚 (𝑠)] + 𝐺𝑓 (𝑠) 𝑈𝑔 (𝑠)
1 + 𝐺𝑐 (𝑧) 𝑒 −𝑠𝑇𝑠 𝐾𝑝𝑤𝑚 𝐺𝑓 (𝑠)

(20)

As described in (21), the proposed technique is capable of injecting ac current into the grid with compensating any dc current
injection in the system.

𝐼𝑔 (𝑠) =

𝐺𝑐 (𝑧)𝑒 −𝑠𝑇𝑠 𝐾𝑝𝑤𝑚 𝐺𝑓 (𝑠)
[𝐼 (𝑠) − 𝐼𝑐𝑜𝑚 (𝑠)]
1 + 𝐺𝑐 (𝑧)𝑒 −𝑠𝑇𝑠 𝐾𝑝𝑤𝑚 𝐺𝑓 (𝑠) 𝑟𝑒𝑓

(21)

B. Analysis of the Offset in Current Sensor and Conditioning Circuit
In convention output current control, the undesirable offset of the current sensor and the signal conditioning circuit contributes
an undefined dc measurement error in the controller, which ultimately has an impact on the dc injection. In dc link current sensing
control, the measurement offset is defined as ∆𝑰𝒐𝒇𝒇𝒔𝒆𝒕 , and thus the dc link current can be presented as:
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𝑀𝑖 𝐼𝐴𝐶
[1 − cos(2𝜔𝑡)] + 𝐼𝐷𝐶 𝑀𝑖 𝑠𝑖𝑛(𝜔𝑡) + ∆𝑰𝒐𝒇𝒇𝒔𝒆𝒕 (22)
2

It can be seen that this offset introduces a dc component to the dc link current measurement, whilst the dc injection 𝐼𝐷𝐶 at output
is related only to the line frequency component of dc link current. Therefore, unlike conventional output current control, offset of
the current sensor and signal conditioning circuit will not contribute to any dc injection to the system. Moreover, with appropriate
sensor calibration [6], ∆𝐼𝑜𝑓𝑓𝑠𝑒𝑡 can be minimized to a point where it can to all intents and purposes be neglected.
C. Analysis of DC Determination Sensitivity
With the proposed line frequency component extraction from dc link current waveform in (14), the sensitivity of the dc current
measurement can be quantified as:
𝑆𝑐 =

𝐼𝐷𝐸
𝐼𝑑𝑐𝑙𝑖𝑛𝑘

(23)

As stated, the dc link current 𝐼𝑑𝑐𝑙𝑖𝑛𝑘 has the same amplitude as current 𝐼𝐴𝐶 . For a 2 kW PV system with an output current 𝐼𝐴𝐶 =
11.8 A and dc component injection of 𝐼𝐷𝐶 = 50 mA, the sensitivity of the dc link sensing technique is equal to:
2
𝐼𝐷𝐶
𝑚𝐴
𝜋
𝑆𝑐 =
= 2.7
𝐼𝐴𝐶
𝐴

(24)

Compared to [20], where the line-frequency dc link voltage 𝑉𝑑𝑐𝑙𝑖𝑛𝑘𝐿𝐹𝑟𝑖𝑝𝑝𝑙𝑒 is utilized for determining the dc current injection,
the sensitivity 𝑆𝐷 is calculated as:
𝑆𝐷 =

𝑉𝑑𝑐𝑙𝑖𝑛𝑘𝐿𝐹𝑟𝑖𝑝𝑝𝑙𝑒
𝑉𝑑𝑐𝑙𝑖𝑛𝑘

(25)

Assuming the dc link voltage ripple is precisely sensed and extracted, with grid frequency 𝜔𝑔 = 50 Hz, dc link capacitor 𝐶𝑑𝑐𝑙𝑖𝑛𝑘
= 2200 µ𝐹 and dc link voltage 𝑉𝑑𝑐𝑙𝑖𝑛𝑘 = 400 V, the sensitivity of the approach 𝑆𝐷 can also be calculated assuming the same dc
current injection of 50 mA:
𝐼𝐷𝐶
𝑗𝜔𝑔 𝐶𝑑𝑐𝑙𝑖𝑛𝑘
𝑚𝑉
𝑆𝐷 =
= 0.18
𝑉𝑑𝑐𝑙𝑖𝑛𝑘
𝑉

(26)

Comparing (24) with (26), it is clear the dc link current sensing technique improves the dc measurement sensitivity compared to
the dc link voltage feedback approach. As the output current restoration process eliminates the need for an output current sensor,
the technique is still recognized as a control-based solution; however, no extra hardware is needed.
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Fig. 9. H-bridge inverter with dc link current sensor
TABLE II
EXPERIMENTAL PARAMETERS

Symbol

Quantity

Value(Unit)

𝑉𝑑𝑐

DC Link Voltage

120 (𝑉)

𝑉𝑔

Grid Voltage RMS

60 (𝑉)

𝐼𝑔

Output Current

7.0 (𝐴)

𝐿𝑖𝑛

Inverter Side Inductor

0.8 (𝑚𝐻)

𝐿𝑔

Grid Side Inductor

0.3 (𝑚𝐻)

𝐶𝑓

Filter Capacitor

10 (𝜇𝐹)

𝑓𝑠𝑤

Switching Frequency

20 (𝑘𝐻𝑧)

𝑓𝑐

Cut-off Frequency of External Measurement Circuit

0.35 (𝐻𝑧)

V. EXPERIMENTAL VALIDATION
An experimental prototype grid-connected H-bridge inverter system with dc link current sensor is implemented (Fig. 9). The
inverter is controlled by a Texas Instruments™ TMS320F28377D DSP. The experimental inverter is operated with a 20 kHz
unipolar PWM switching scheme. An LCL filter is connected to the inverter output to attenuate high-frequency harmonics. Key
system parameters are presented in Table II. For comparison purposes only, a current sensor is placed at the inverter output for
conventional output current control. In addition, a 0.1 Ω shunt resistor is inserted into the inverter output path. A low-pass RC
filter (0.35 Hz cut-off frequency) is connected across the shunt to monitor the dc current injection.
The inverter is controlled via a PR controller with proportional gain 𝐾𝑝 = 0.15 , resonant gain 𝐾𝑟 = 180 and the bandwidth
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Fig. 10. Unity power factor operation of dc link current control

Fig. 13. DC determination with pre-determined reference

Fig. 11. DC Link current measurement over two cycles

Fig. 14. DC measurement with suppression enabled

Fig. 12. Post-processed current measurements

Fig. 15. Dynamic transient of dc suppression

𝜔𝑐 = 5 𝑟𝑎𝑑/𝑠, with a given current reference of 7.0 A, Fig. 10 shows the inverter operation at unity power factor with respect to
grid voltage. As the controller is implemented with dc link current, the dc link current sensor measurement is presented in Fig. 11,
which is a series of positive PWM
\ current pulses. For comparison purposes, through the use of digital-to-analogue converter, Fig.
12 shows the conducting current and software-reconstructed output current in the microprocessor. With 20 kHz sampling, the
conducting dc link current waveform obtained is the mathematical absolute of output current, and the output current reconstructed
from it performs identically with the output current measurement achieved from output current sensor. Validation at non-unity
power factor is also confirmed when the inverter operates at a power factor of 0.9. Unlike unity power factor, the dc link current
waveform exhibits periods of negative magnitude pulses, which are measured during the conducting current period. However,
from the control perspective, this is not an issue. The polarity of the PWM demand is reversed during this period, hence
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reconstruction is not affected.
With the conducting dc link current and grid phase information accessible from previous current control, the dc injection can
be accurately determined from proposed technique. To validate the dc measurement process, a deliberate predetermined dc
component is introduced by superimposing a dc bias onto the current reference [17]. Fig. 13 shows the introduced dc bias and the
extracted dc current measurement using the proposed technique. Initially, without introducing any dc current, the measured dc
injection is confirmed as 25 mA. Then, a 50 mA step change bias signal is injected into the dc reference at 3.1s, followed by a
further 50 mA step at 6.8 s. As shown in Fig. 13, the dc injection is rapidly and accurately extracted by the proposed measurement
scheme. The steady state dc current measurements are confirmed as 75 mA and 125 mA; matching the measurements from the
external dc measurement circuit. As such, dc component determination is validated.
As the dc suppression is carried out based on the real-time dc current measurement, Fig. 14 shows the compensated dc
measurement when enabling the proposed closed loop suppression approach. Here, a 100 mA dc bias is added to the current
reference. Through enabling the dc suppression loop at 5.5 s, an inverse compensation current (-120 mA) is produced, which
counteracts the dc injection in the system. As shown in Fig. 14, although the 100 mA dc reference still exists, the dc measurement
falls back to zero when the suppression loop is activated, thus confirming the effectiveness of the scheme.

Fig. 16. Comparison of dc measurement at different PFs

The transient characteristics of the dc suppression approach is presented in Fig. 15, alongside the actual output current injected
into the grid. When the dc suppression mechanism is enabled, the dc component is fully suppressed within 0.1 s demonstrating
the real-time capabilities of the scheme. Meanwhile, even with significant step in dc current component, the output current remains
robust and stable. Similar results have been achieved over a wide range of operating conditions. Fig. 16 shows the averaged dc
measurements of conventional output current control and proposed dc link sensing approach when gradually increasing the dc bias
into the reference at various power factors. For comparison, Fig. 16 also shows the results which have been obtained using
conventional current control. It is clear the conventional current control is incapable of removing the dc injection, the dc
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measurement varies from -100 mA to 50 mA; the dc injection is directly proportional to the bias signal imposed. However, with
the dc link sensing and suppression approach, the averaged dc component is effectively limited to within 5 mA regardless of any
dc current introduced. This performance is within the bounds of most international recommendations regarding dc current injection.
Furthermore, recorded total harmonic distortion of 4.65% is also within acceptable limits [9].

VI. CONCLUSION
This paper presents an effective dc current suppression approach for single-phase transformer-less grid-connected full-bridge
inverter system. Using a dc link current sensor, dc current injection is accurately measured by extracting the line frequency
component of the dc link current waveform and then mitigated using an active dc current suppression loop. The output current
reconstruction process permits closed loop current control via the dc link current sensor, thus eliminating the need for the
conventional output current sensor. Full mathematical derivation and detailed analysis of the proposed dc suppression technique
are presented in the paper. Experimental results validate the robust performance of the proposed scheme over a range of operating
conditions. Overall, the approach presented is a high performance, cost-effective, control based solution for minimizing dc current
injection in low power, single-phase, grid connected PV applications.
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