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Abstract—A multiple proportional resonant (PR) current reg-
ulator based dead-time effects compensation method for grid-
forming single-phase inverter is proposed. Most of dead-time
effect studies are based on the polarity of the average induc-
tor current. However, dead-time effect is eliminated at zero-
crossing zone of the inductor current. Conventional dead-time
compensation methods based on the polarity of the average
inductor are not suitable for grid-forming single-phase inverter
because of the large inductor current ripple and wide load range.
In this paper, the dead-time effect considering ripple current
is investigated and the relation between the load current and
the range of the zero-crossing zone is discussed. Furthermore,
the zero current clamping (ZCC) phenomenon and oscillation
induced by dead-time are also discussed. In order to compensate
the dead-time effects, a multiple PR current regulator based dad-
time compensation method is proposed to reduce the voltage
disturbance caused by dead-time effect in single-phase grid-
forming inverter. The simulation and experiment results show
the validity of the analysis and the distortion of the inverter
output voltage is eliminated.

Index Terms—grid-forming single-phase inverter, dead-time
effects, multiple PR regulator

I. INTRODUCTION

Single-phase grid-forming inverters are widely used in AC
microgirds. The purpose is to build up the ac power system
voltage and frequency in the microgrids when operating in
islanding mode. In pulse-width-modulation (PWM) controlled
single-phase inverters, the dead-time is a necessary method
to avoid short-circuit of the two-level inverter legs. As the
main nonlinear characteristic of the semiconductor switching
device, the dead-time produces serious waveform distortion to
the output voltage. To compensate the dead-time effects, the
dead-time analysis is needed to be discussed first. The dead-
time produces a difference between the ideal output voltage
and real output voltage and this difference is determined by the
polarity of inductor current [1] during the dead-time interval.
In [2], the fundamental component of the voltage difference
waveform was considered when modeling the small-signal
model of voltage source inverter. However, these dead-time
analysis are based on the polarity of the average inductor
current and the ripple current is ignored. In [3] and [4], the
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effects of the ripple current and the ZCC phenomenon are
investigated. However, the load change and the oscillation
induced by dead-time are not discussed.

Many dead-time effects compensation methods have been
proposed in the previous work [2] [3] [4] [5] [6]. Most of
the dead-time compensation methods are developed based on
the polarities of the average inductor current, which are not
suitable for grid-forming single-phase inverter since the filter
inductor in LC filter is small and the ripple current is large.
The zero-crossing effect is considered in [3] and an adaptive
compensation is proposed. However, because the non-linearity
of the duty cycle error induced by the dead-time, it is difficult
to predict the feed-forward compensation duty cycle. The
dead-time compensation methods proposed in [4] [5] are feed-
forward compensation methods and the noise of the sensor
circuits is a serious issue for these methods. [6] proposes
a repetitive controller based feedback compensation method
and compares compensation effects of the multiple resonant
controller and repetitive controller. However, the repetitive
controller is difficult to design and high frequency oscillation
will be introduced.

In this paper, an equation is used to describe the relation
between the load current and the range of the zero-crossing
zone and the graphics solution is shown in section II. The
oscillation induced by the discontinuous mode is also investi-
gated. From the analysis, the voltage error caused by dead-time
is considered as a voltage disturbance to the control system.
Based on the state feedback control strategy in [7] and [8],
multiple resonant controllers are used in the inner current loop
to reduce the disturbance caused by the dead-time effects.
Simulation and experimental results are performed to verify
the analysis and effectiveness of the proposed compensation
method.

II. DEAD-TIME EFFECTS ANALYSIS

In this section, the dead-time effects is analyzed. The range
of the zero-crossing zone, discontinues mode effects and
oscillation phenomenon are discussed.
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A. Inductor Current Analysis

The topology of the typical half-bridge grid-forming inverter
is shown in Fig. 1. In practice, in order to prevent the power
switching devices from shoot-through during a switching
period, the dead time has to be implemented in order to prevent
the inverter from shoot-through during the switching interval.
Ve, vo and i, are the DC bus voltage, the output voltage and
the inductor current. L and C are the filter inductor and filter
capacitor respectively.

L Gl_f&3S1
-Cdc
L g
a +
C <Vo
Ve T %
= Cdc
G2 _E-%S2
Fig. 1. The single-phase grid-forming inverter with LC filter
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Fig. 2. Inductor current shape

Fig. 2 shows the inductor current shape. The fundamental
cycle can be divided into three zones. The polarity of inductor
current is positive within the positive zone and is negative
within the negative. In zero-crossing zone, the polarity of the
inductor current is changed within one switching period. The
inductor current 77, consists of fundamental component 7, and
ripple current 4,. i, is calculated by using averaging model
shown in Fig. 3. The ripple current ¢, is determined by the
voltage-second principle of the filter inductor.

i =ip +i, (D)

Using phase vector to calculate the fundamental component
ir,. Supposing that 1) output voltage is v, = V,Z0° 2) the
load is resistance load and its current is i, = I,Z0°. The
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Fig. 3. Averaging model of single-phase inverter

phase vector and time domain expression of inductor current
is expressed as (2) and (3).

R R cv,
ir, =1+ jwCv, = /12 + (WCV,)2Larctan wI 2)

o

i (t) = /I2 + (wCV,)? sin (wt + arctan W?VO) 3)

o

Thus, the phase vector and time domain expression of
average bridge voltage is expressed as (4) and ().

vy = jwliyp + v,

wLl,
= \/(1 — OJQLC)2VO2 + <OJLIO)2ZaI'Ctan m
“
vs(t) = V5(I,) sin (wt + «(1,)) 5)
Where V;(1,) = /(1 —w2LC)2V2 + (wLI,)?,
a(l,) = arctan %
For the ripple current, the duty cycle is:
s(t s(1,) si t 1,
dty =05+ 28 _ g5 Yelo)sin@t+all)) o
Vdc Vdc
Hence, the ripple current is:
: 0.5V — vo(t)
r(t) = ————=T,d(t
ir (1) T d(r)
(0.5Vy. — V, sinwt) T Vs(I,) sin (wt + a(1,))
= 0.5+
2L Vdc

@)

For zero-crossing zone, the boundary condition is:
i ()] < ir(1) ®)

The equation (8) is transcendental equation and there is no
explicit solution for (8). The graphical method is used to find
the solution under some specific operation condition. Suppos-
ing that L = 300pH, C = 22uF, fundamental frequency
f = 60H z, switching frequency fs = 37.5kH z,output voltage
V, = 120V, and DC bus voltage is V. = 760V . Fig. 4 shows
graphical waveform |if (t)| — i,(t) under half load (1.25kW)
condition.

Under different load condition, the ratio of the zero-crossing
zone is shown in Fig. 5.
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Fig. 5. Zero-crossing zone ratio

B. Voltage Disturbance Caused by Dead-time

During the dead-time, all switches of the same lag are turned
off and the bridge voltage V,,, is determined by the polarity
of the inductor current. Fig. 6 shows the three modes of these
diodes. Assuming the midpoint of the DC bus is the neutral
point. When the inductor current flows through the freewheel-
ing diode of switch Sy, the bridge voltage V,,, = VQd’C. When
the inductor current flows through the freewheeling diode of
switch Ss, the V,,, = —‘%C. When the inductor current is
zero, the V,,, = V.

Fig. 7 shows the all possible (seven) situations of inductor
current within one switching period if the ZCC phenomenon is
considered.In S1, the magnitude of voltage error is — V. and
the width is T};. In S2, the voltage error includes two parts.The
magnitude of voltage error is —Vjy,. in Ty — T, (where T, is
the time of ZCC) and V, — 0.5V}, in T},. In S3, the magnitude

Fig. 6. The models of half bridge inverter during dead-time (a) positive
current (b) negative current (c) zero current

of voltage error is V,, — 0.5V, in T},,. In S4, the voltage error
is zero. In S5, he magnitude of voltage error is V, + 0.5V}, in
T In S6, the magnitude of voltage error is Vg, in Ty — T},
and V, — 0.5V, in T},,. In S7, the magnitude of voltage error
is V. and the width is T}.

The time of ZCC is small in one switching period. Ignore
the ZCC phenomenon, the disturbance of average bridge
voltage can be expressed as:

_Vdc% at S (tl ~ t?)
Ve = 0 te (t2 ~ t3) &)
Vdc% at S (t3 ~ t4)

Where the T} is the dead time and T is the switching period.
The waveform of the voltage disturbance v, is a square wave
as shown in Fig. 8 and its Fourier series is expressed as:

CAVe Ty ~~ 1 . nf
Ve(wt) = T Z —sin —- cos (nwt)  (10)
n=1,3,5
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Fig. 8. Average bridge voltage error waveform

Using (8), the € is calculated under different load conditions.
Fig. 9 shows that the voltage disturbance is injected into
bridge voltage of the inverter. According to the spectrum of
Ve, the resonance frequencies of multiple resonant controllers
are selected to compensate ..
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Fig. 9. Control plant of single-phase inverter

C. Oscillation Induced by ZCC

The single-phase inverter enters the discontinuous mode
(DCM) during the ZCC as shown in Fig. 7. The small signal
model is changed from CCM model to DCM model. Ignoring
other disturbance, the small signal model is shown in Fig. 10
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Fig. 10. Small signal model for DCM and CCM of single-phase inverter

. 2M (1—M)Vip 2L M? Vo
Where j, = 2050, R, = 30, M = g

When the inverter operates from CCM to DCM, a damping
resistor is added to the plant. During the ZCC interval,
the average value of inductor current keeps constant. When
the inverter enters CCM from DCM, the damping resistor
is removed and oscillation happens because of the current

distortion created during DCM interval. Fig. 11 shows the
average value of inductor current under 30% load condition.

From the FFT analysis of the indutor current, the oscillation
frequency is the resonant frequency of the output filter which

is expressed as:
1 1
=5\ 1c

Hence, the loop gain of the current control loop at f, needs
to be as large as possible.
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Fig. 11. Oscillation waveform of inductor current

III. MULTIPLE RP BASED FEEDBACK COMPENSATION
METHOD

Most dead time compensation methods are based on the
average current value over an entire switching period and
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feed-forward compensation methods are used to modified the
duty cycle to compensate the dead time effect. However, those
methods cannot correctly estimated the lost voltage within
zero-crossing zone because the range of zero-crossing zone is
related with load. Some compensation methods are based on
the detection of ripple current, which required high bandwidth
current sensors and noise issue is a big problem. Besides, these
feed-forward compensation methods cannot deal with the ZCC
phenomenon and the oscillation problem. Hence, the feedback
compensation method is preferred in this paper.

A. Feedback Compensation Method

Various feedback control strategies are available to control
the output voltage of single-phase grid-forming inverter. In
[7], the state feedback control topology is introduced and [8]
proposed a dual-loop with state feedback control topology for
inverter control. To overcome the output voltage distortion
and voltage disturbance, most of papers focus on the voltage
regulator design and different types of controllers are used to
reduce the distortion. However, the bandwidth of the outer
voltage loop is relatively low and high bandwidth voltage
controller is difficult to design. Thus, disturbance with high
frequency is hard to be eliminated. Compared to the outer
voltage loop, inner current loop has much higher bandwidth
than outer voltage loop. Also, most disturbance are injected
into inner current loop including the disturbance caused by
dead-time and PWM delay . Thus, it is easier to design a high
bandwidth current controller in the inner current loop to reduce
high frequency disturbance. In [9], the sliding mode controller
(SMCQ) is used in the inner current loop to improve the THD
of the output voltage. However, the SMC is difficult to design
and implementation is complicated. Compared to SMC, PR
controller is easy to implemented and the computation burden
is negligible. The proposed multiple PR controllers based
current regulator is shown in Fig. 12.

Voltage
disturbance
calculator

Fig. 12. Dual-loop control diagram for single-phase grid-forming inverter

B. Multiple PR current Controller Design

As shown in Fig. 12, the voltage disturbance is added to
the current loop. For current inner loop, the transfer function
of plant is:

1

The transfer function for multiple PR controller is

2
Ger=Kp+ Y Ky (13)

) 2
S 2WeSs + w;
i=1,3,5,.. T 2wes + W

Where w,. is the cut-off frequency and w;(i = 1,3,5,---)
is the resonance frequency.

From [10], the Kp determines the bandwidth of inner
current loop. Hence,

Kp Wpi

L ] 14
sL s (14
Kp = wylL (15)

Where wy; is the cut-off frequency. From [10], the maxi-
mum bandwidth for current loop is

_7T/2—¢m_71'/2—¢m
Ye = T T T AsTL

(16)

Supposing ¢,,, = 45°, switching frequency fs = 37.5kH z.
Then w, = 3.125kH z. In this paper, w. = 3kH z.

Since the w;(i = 1,3,5,---) is much smaller than the
bandwidth of the current loop. Resonant parts have little
influence in high frequency zone. The gain of the resonant
controllers can be set to a large value. In this paper, the K; is
set to 100 and w, is set to 47. The open loop gain bode plot
shown in Fig. 13.

Bode Diagram
Gm = Inf, Pm =90 deg (at 3e+03 Hz)

80 = Multi-PR
. 60 P
[an]
cJ
o 40 5
e}
=
€ 20 1
(3]
=

’

O}
©
!

AUy | |||

10° 10 102 10 104
Frequency (Hz)

Fig. 13. Bode plot of open loop gain

The transfer function between the voltage disturbance and
inductor current is:

G, G,

Gvi: =
1+G,G, 14T

amn
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Fig. 14. Bode plot of G,;

Where G. is the transfer function of current regulator and
T is the open loop transfer function. The bode plot of G,; is
shown in Fig. 14.

For the voltage regulator design, a PR controller is used to
regulate the output voltage. Because of the high bandwidth
of the inner current loop, the bandwidth for the voltage loop
does not need to be very high. In this single-phase inverter,
the bandwidth for voltage loop is 300Hz and the gain for the
resonant regulator is 100.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The system parameters for single-phase inverter is shown
in Table. I.

TABLE I
PARAMETERS OF SINGLE-PHASE GRID-FORMING INVERTER
Parameters Values
Ly 300pH
Cy 22uF
Vie 760V
Vo 120V4e
fr 60Hz
fs 37.5kHz

A. Simulation Results

Using PSIM simulation platform to simulate the single-
phase grid-forming inverter. Output voltage V,, inductor cur-
rent I; and bridge voltage Vs are observed. Three load
conditions(750W, 1250W and 2000W) are simulated for each
operation mode.

1) Open loop simulation: In open-loop simulation, a fixed
modulation index SPWM gate signals are given to the half
bridge to ensure that the output voltage V, = 120V,
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{a) TEOW {b) T250iw e 20w
Fig. 15. Simulation results of average bridge voltage Vs and voltage

disturbance V. under open-loop operation

Fig. 15 shows the average bridge voltage V, and voltage
disturbance under different load conditions. The relation be-
tween the range of zero-crossing zone and load is verified by
the waveform of V.

WaVaVE VAVaVEAVAVAY

om am 01 om o 0 o o [E]
P int T ) T i1}
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a) 750{'{ fe} 2000W

Fig. 16. Simulation results of inductor current I, under open-loop operation

From the average inductor current waveform in Fig. 16, it
can be seen that there is an oscillation when the inverter enters
CCM from DCM.

AR AR
Wh/\ U U /\\\/ v \/f 3

THD56% | 1 THD 6.1% | e THD 6,1%

fa] 7SOW B 1250w

Fig. 17. Simulation results of output voltage V,, under open-loop operation

2) Closed loop simulation with proportional current reg-
ulator: Proportional inner current regulator is widely used
in dual-loop control scheme. Fig. 18 shows the duty cycle
generated by the current regulator and the compensation duty
cycle Viop,. The shape of V., is similar to the voltage error
Ve in open loop simulation.
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Fig. 18. Simulation results of duty cycle and compensation duty cycle Veom
with P current regulator
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Fig. 19. Simulation results of output voltage V,, with P current regulator

3) Closed loop simulation with multiple PR current regula-
tor: Multiple resonant controllers are used in the inner current
loop. Fig. 20 shows the compensation duty cycle generated by
the current regulator and the compensation duty cycle V.o,
Compared with the V., in Fig. 18, the shape of V_,,, in
Fig. 20 is more similar to the voltage error V. in open loop
simulation.
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[} 2000W
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Fig. 20. Simulation results of duty cycle and compensation duty cycle Veom
with multiple PR current regulator
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Fig. 21. Simulation results of output voltage V,, with multiple PR current
regulator

From Fig. 17, Fig. 19 and Fig. 21, the THD of the output
voltages are shown in Table. II

TABLE II
SIMULATION RESULTS OF THE THD OF OUTPUT VOLTAGE V,

THD Openloop | P Controller | PR Controller
750W 5.6% 2.6% 1.9%
1250W 6.1% 2.6% 1.9%
2000W 6.1% 2.6% 1.7%

B. Experimental Results

To validate the proposed dead-time compensation method, a
2.5kW SiC MOSFETs based high switching frequency single-
phase grid forming inverter has been built and experimented.
The hardware testbed is shown in Fig. 22.

Fig. 22. 2.5kW SiC MOSFETs based single-phase grid-forming inverter

1) Experiment results for open loop operation: Fig. 23
shows average bridge voltage and voltage disturbance under
different load conditions. The experiment results verify the
zero-crossing zone analysis.

/_\/\/ /\/\/ M/

Fig. 23. Experiment results of bridge voltage Vs under open loop operation

From the average inductor current waveform in Fig. 24, it
can be seen that there is an oscillation just after ZCC zone.
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Fig. 24. Experiment results of inductor current /7, under open loop operation

THD 5.07% THD 6, 18%

NI

THD 7.88%

Fig. 25. Experiment results of output voltage V,, under open loop operation

2) Experiment results for closed loop control with P current
regulator: With P inner current regulator, the output voltage

is shown in Fig. 26.

- Lo 3 7

Fig. 26. Experiment results of output voltage V,, with P current regulator

3) Experiment results for closed loop control with multiple
PR current regulator: With multiple PR inner current regula-
tor, the output voltage is shown in Fig. 27.
THO 1.77%

THD 1.76% THD 1.60%

-
v,
e Y

o] T T 17 ef 2000w

Fig. 27. Experiment results of output voltage V,, with multiple PR current
regulator

From Fig. 25, Fig. 26 and Fig. 27, the THD of the output
voltages are shown in Table. III

TABLE III
EXPERIMENTAL RESULTS OF THE THD OF OUTPUT VOLTAGE V,,

THD Openloop | P Controller | PR Controller
750W 5.07% 3.58% 1.76%
1250W 6.18% 3.73% 1.77%
2000W 7.48% 3.57% 1.60%

V. CONCLUSION

As for grid-forming single-phase inverter, the dead-time
effects considering filter inductor current ripple and wide load
range is discussed in this paper. The quantitative analysis
is made on the relation between the zero-crossing zone and
the load current. Furthermore, the oscillation induced by the
dead-time is discussed. The dead-time analysis is verified by
the simulation and experimental results. Based on dead-time
analysis, a voltage disturbance model induced by dead-time
is built and a multiple PR current regulator based feedback
compensation methods is proposed to reduce the dead-time
effects. In contrast to the conventional feed-forward com-
pensation methods, the multiple PR current regulator based
compensation method can compensate the dead-time effects
under wide-load condition and it is easy to implement. Its
performance is verified by the THD reduction of the output
voltage in the simulation and experiments results.
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