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ABSTRACT This article presents a three-phase four-wire inverter to generate voltage sources under wide
filter inductance variation. The voltage sources with distortion and unbalance are to emulate grid voltages.
The distortion includes voltage sags, voltage swells, and harmonic components, and the unbalance includes
voltage and phase-angle differences. With a conventional PI control and direct digital control (DDC) only, the
voltage distortion cannot fulfill precisely because of the improper controls. While with the proposed modified
DDC (PDDC) and harmonic-angle adjustment algorithm, the soft core saturation can be taken into account
and the harmonic voltage distortion can be accurately emulated, respectively. Moreover, the proposed control
scheme can achieve a fast transient response. The control law is derived and the inverter with the control to
generate grid voltage is described in detail. Simulated and experimental results from the 10-kW prototype
have verified the analyses and discussions.

INDEX TERMS Direct digital control (DDC), grid voltage emulator, modified DDC, PI control, three-phase

four-wire (3®4W) inverter.

I. INTRODUCTION

Renewable energy has been developed widely. For the test of
renewable-energy equipment, grid emulators are indispens-
able. Power converters to emulate grid voltage have been
studied intensively [1], [2], [3], [4], [5], [6], [7], [8], [9], [10],
[11]. Most of them are focused on control [1], [2], [3], [4],
[8], [9], [10], [11]. The converter uses a three-phase four-wire
(394W) topology realized with insulated gate bipolar tran-
sistor (IGBT) and with disturbance generation algorithm to
achieve grid emulator. However, the unbalanced mode has
not been studied [1]. The one uses 3®3W topology, which
can only generate a three-phase balanced disturbance applied
to a three-phase balanced load, [4], resulting in quite limits
of grid applications. The converter shown in [2], [11] can
generate selective harmonics effectively with resonant con-
troller and model predictive controller, while it requires abc
to af frame transformation, increasing computation burden.

Narayanan and Umanand [3] employ virtual impedance to
realize filters for grid emulator, which has special applications
in testing distributed generation, requiring an estimator-based
active damping and resulting in a slow transient response,
around a one-line cycle to settle down. Liu et al. [8] have
used parallel structure fractional repetitive control to realize
a high-performance grid emulator, which can be a plug-in
component. However, its control is too complicated, requir-
ing individual harmonic controllers one by one. Kim et al.
[9] have designed a grid simulator for transient analysis of
grid-connected renewable energy system, having limited ap-
plications. Messo et al. [10] provide a voltage amplifier to
emulate grid-following inverter for ac microgrid dynamics
studies, resulting in low flexibility. Although all of these ap-
proaches can generate feasible grid emulators, they have some
drawbacks and moreover, filter inductor with wide variation
has not been addressed.
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FIGURE 1. Circuit configuration of a 3-phase 4-wire inverter.

Repetitive control is a control scheme designed for track-
ing repetitive references, and has been intensively applied in
industrial fields [12], [13], [14], [15], [16], [17], [18], [19].
It places infinite poles at the system fundamental and har-
monic frequencies. Thus, they can achieve zero-error tracking
performance. In addition, digital repetitive controllers have
simple structures configured by N delay units, where N is the
number of samples in one repetitive period, and can be applied
to a plug-in type. Thus, a repetitive control is one of the
most promising controls for grid simulators since repetitive
ac voltages are required to be generated in these applications.

The repetitive control, however, has the limitations of tran-
sient response, selectivity, and flexibility issues. Moreover, it
cannot cover the inductance variation. The inductor is usually
constructed with powder core which has soft saturation and
results in inductance variation with its bias current increase.
The control [20] operating in abc nature frame can take into
account the inductance variation. It uses only proportional (P)
controller, which yields a significant steady-state error. For
grid-current control, the steady-state error is not quite impor-
tant since the current command is variable. However, for the
grid-voltage control, the concern of steady-state error is very
serious because of constant command. Thus, the modified
direct digital control (MDDC) using PI controller is adopted
for grid-emulator control, which can reduce the steady-state
error significantly, yielding high-performance system output.
Simulated and experimental results have verified the analyses
and discussions.

The rest of this article is organized as follows. Section II
addresses the inverter design and control algorithms, includ-
ing conventional PI control, direct digital control (DDC), and
MDDC. Simulated and experimental results are presented to
verify the control in Section III. Finally, Section IV concludes
this article.

Il. GRID EMULATOR DESIGN AND CONTROL
ALGORITHMS

A 394W inverter with LC filter to emulate grid voltage is
shown in Fig. 1. Design of the filter of the grid emulator can be
found in [21]. For the inductance, L, design, it is based on the
current ripple attenuation criteria [21] to ensure the minimum
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current slew rate of the inverter, and it is 2 mH varying down
to 0.8 mH. For the capacitance, C, design, it is based on
voltage ripple analysis [20]. With linear loads, output voltage
THDs mainly depend on the current ripple sharing between
loads and filter capacitors. The worst case with the highest
voltage THD is under no load condition in which the current
ripple charges only the filter capacitors. Hence, to ensure that
the voltage THD is within a given maximum THDy, such
as the suggested 8% in IEC 62040-3, the filter capacitance
is designed with the voltage-ripple specification. It is around
15 uF

The control algorithms are described as follows. With load
current, capacitor voltage, inductor current and dc-voltage
feedbacks, the Renesas RX71M microcontroller is following
the control laws to determine PWM signals for generating the
output voltages. There are three types of controls.

A. CONVENTIONAL PI CONTROL
A conventional PI control algorithm without considering in-
ductance drop is shown as follows:

K;

CW& =kp+ )
where k, = 0.053 and k; = 30. The control block diagram
is shown in Fig. 2, in which the inductor parameter is not
included in the controller. The PI controller yields oscillating
waveforms around the peak of the output voltage, because
wide filter-inductance-drop is not taken into account and the
control cannot cover so large variation. This will be verified
with simulated and experimental results.

B. CONVENTIONAL DDC

The conventional DDC algorithm, which has been presented
in [20], considers inductance-drop and can yield smooth out-
put voltage waveforms, being reviewed here for reference. Its
inner-current-loop control law through division-summation
(D-X) process can be derived and shown as follows [20]:

l EiAii n Vac
2Vae

2
2 * 2VdcTr ( )

where d is the duty ratio, V. is the dc-link voltage, T is the
sampling period, v, is the output voltage and

Aij[n+ 1] =ici [n+ 1] + iy [n] — iy [n] 3

where

n+2] - n
ick [n+ 11 = Cy Vrey | +2T1 v bn} 4)

The argument in icy is “n+17 since it uses the reference Vs
as the feedforward signal, while the arguments in ir; and ij
are “n” because they are the feedback signals and the system
is a causal system.

Combined with the outer voltage-loop, the overall control
block diagram for each phase is shown in Fig. 3, in which
ki = 0 for DDC, Cyy is the filter capacitors, Ly is the filter
inductors where k = R, S, and T, Z, is the load, and Gy is the
delay which is equal to e=*%.
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FIGURE 2. Overall control block diagram of the conventional Pl control.
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FIGURE 3. Overall control block diagram of the DDC (k; = 0) and the modified direct digital control (MDDC) for each phase.

C. MODIFIED DDC
Since in conventional DDC, the inner-current loop is only

Li
(zvdcTs)’ the steady-state error can-

not be avoided. Thus, the inner-current loop is modified to the
PI controller (MDDC), as follows:

with proportional control

1 Ly . Nt
dn+1] = 3 + W, kpAii[n+ 1]+ k; jgzo Al; [J]
Vac
— 5
+ W (%)

where k, = 1 and k; = 760 are the proportional and integral
gains, respectively. With the control law shown in (5) and with
the control block diagram shown in Fig. 3, the output voltage
can be controlled with reduced steady-state error and achieve
fast transient response. Note that the limiter is used to limit
the overshoot when there is a step-load change.

For harmonic-voltage control, we introduce the harmonic-
angle adjustment algorithm. First, we make the bode plot
of Vue/Vier from which the harmonic lagging angles are
measured and then, the angles are compensated to gener-
ate accurately harmonic voltages. This is equivalent to a
proportional-resonant control that can tune the harmonic fre-
quency precisely.

IIl. SIMULATED AND EXPERIMENTAL RESULTS
The system is configured with six PWM switches and three
sets of filter inductors and capacitors, and is operated in nature
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TABLE 1. Specifications and Design Parameters

Symbol Description Value

2 | 304 Waps Rated Power 10 kW
e Ve DC-bus voltage +380 V
= v Reference voltage (line-line) 311V
g fo Output voltage frequency 60 Hz
n Lerate Inductance drop 60%

iy Maximum pea'k to peak cur- 35 A

rent ripple
Output voltage THD (with

E) venip v linearg load) ( <3%
qg) VCerr Maximum voltage error <50%
% Jfu Switching frequency 20 kHz
= L; Inductance drop 2~0.8 mH

C, AC filter capacitor 15 uF

frame with SPWM control. The following shows the simu-
lated and experimental results from a 10 kW inverter with the
specifications shown in Table 1.

A. SIMULATED RESULTS

The software package PLECS was used to simulate the per-
formance of the grid emulator. The simulated results of an
inverter with the conventional PI control algorithm and with
the specifications shown in Table 1 are shown in Fig. 4(a). It
can be observed that the output voltage waveforms present
oscillation around peak, because the inductance-drop with
bias current-increase has not been taken into account. While
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FIGURE 4. Simulated results of output voltage waveforms with (a) a
conventional Pl-controlled inverter, (b) the DDC, and (c) its zoom-in
waveform.

with the DDC, taking into account inductance-drop, the output
voltages are present stable waveforms as shown in Fig. 4(b)
and their zoom-in waveforms are shown in Fig. 4(c).

However, the steady-state error is still too large (311-304
= 7 V). Thus, we add an integral compensator to the DDC,
becoming MDDC, and the output voltages become the one
shown in Fig. 5(a) in which the zoom-in waveforms are shown
in Fig. 5(b). It can be observed that the steady-state value is
around 311 V, improved by 2.25%, since we introduced a PI
controller to the MDDC.

For the system with a full-load step change, the results are
shown in Fig. 6, in which the black plot is the reference, the
red plot is with a conventional PI control and considering
inductance-drop (with simulation only), the green plot is the
one with P control (DDC) and a limiter of 0.02, and the blue
plot is the one with the MDDC and with a limiter of 0.02. It
can be seen that the blue one is closely tracking the reference
and has less steady-state error than the green one. Note that
the limiter is no control at the undershoot since it lacks control
efforts.

B. EXPERIMENTAL RESULTS

The hardware prototype of the grid emulator is shown in
Fig. 7. The experimental results are shown in Fig. 8 in which
Fig. 8(a) shows the results with the conventional PI controller
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FIGURE 5. Simulated results of the inverter with (a) the MDDC and (b) its
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FIGURE 6. Simulated results of the inverter with step-load change.
(a) Original, and (b) zoom in; the black with the reference, the red with
conventional PI control. The green with DDC and the blue with MDDC.
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FIGURE 7. Photo of the prototype.
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FIGURE 8. Experimental results. (a) With a conventional PI control,
(b) with DDC, and (c) with MDDC.
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FIGURE 9. Experimental results under step-load change. (a) From no load
to half-load, and (b) from half-load to no load.

but does not consider inductance-drop, Fig. 8(b) shows the
one with DDC and the peak value = 302 V, and Fig. 8(c)
shows the one with MDDC and the peak value is around
311 V, all under 10 kW. Fig. 8(a) shows the one with oscil-
lation because the PI controller does not take into account
inductance-drop. Fig. 8(b) shows the stable one but the steady-
state error is significant. Fig. 8(c) shows the stable results and
the steady-state error has been reduced a lot. It can prove that
the proposed control scheme, MDDC, is stable and feasible.

With the step-load change, Fig. 9(a) shows the results from
no load to half-load while Fig. 9(b) shows that from half-load
to no load, both with the limiter of 0.02. Both Fig. 9(a) and (b)
show the ones with less overshoot, proving that the MDDC
and the limiter can achieve the desired outputs. The ones
with MDDC and without/with limiter are shown in Fig. 10, in
which Fig. 10(a) shows the one without limiter and Fig. 10(b)
shows the one with limiter. The one with a limiter shows less
overshoot.

With harmonics, the voltage source will be distorted and
deviated from the nominal value without harmonic angle
compensation. For the grid-connected inverter test, the power
factor (PF) can be within 0.85 leading and 0.85 lagging, as
suggested by IEEE-929 Std. PF = 0.85 leading is equivalent
to an RC load, PF = 0.85 lagging is an RL load and PF = 1 is
an R load. We make bode plots of the transfer function ve/Vyer
under R, RC, and RL loads as shown in Fig. 11, and collect
their lagging-phase angles of the fundamental and harmonics
in Table 2.

For the loads, they are phase dependent and so are the
parameters of the system. The lagging-phase angles can be
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FIGURE 11. Bode plots of the input-to-output transfer function (vac/Vrer)
shown in Fig. 3. (a) Magnitude plot. (b) Phase plot.

adjusted according to PFs, as collected in Table 2. For the
magnitude, it is almost 0-dB from 10 Hz up to 1 kHz; thus, it
is negligible and there is no compensation with the magnitude,
except the RC load around 1 kHz.
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TABLE 2. Lagging-Phase Angle of Fundamental and Harmonics Under
Different PFs

1st 5th 7th 11th 13th
PF=1 —1.09°| —6.279 —9.289 —15.49 —18.49
PF = 0.85
) —1.12°| —6.019 —8.479 —13.49 —15.7¢
(lagging)
PF = 0.85
—5.67°| —16.99 —18.69 —21.19 —22.59
(leading)
Vref
300 VR
IIOOV
0 s
(@)
Vref VR
300
/ IlOOV
0 o
(b)

FIGURE 12. Experimental waveforms under 10%/7th harmonic: R load
(a) without angle compensation, and (b) with angle compensation.

In the following, we use the 7th and 11th harmonic tests
as examples. Fig. 12(a) shows the waveforms under 10%/7th
harmonic and R load without angle compensation, while
Fig. 12(b) shows that with the harmonic angle compensation.
The compensated angle is obtained from the bode plots of
the input-to-output voltage transfer function (v4/Ver), Where
the 7th harmonic frequency = 420 Hz and lagging angle =
9.28°. The compensation angle is selected to be leading angle
= 8.19° (=9.28°-1.09°) since the fundamental frequency =
60 Hz whose lagging angle is 1.09°. Following the same
procedure, we can obtain the 10%/11th harmonic-angle com-
pensation as 14.31°. Fig. 13(a) shows the waveforms without
angle compensation, while Fig. 13(b) shows that with angle
compensation. It can be seen that the compensated results are
closely tracking the references. The angle compensation can
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FIGURE 13. Experimental waveforms under 10%/11th harmonic: R load
(a) without angle compensation, and (b) with angle compensation.
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help track the references precisely and therefore, the voltage
waveforms can be generated accurately even under distortion
and can emulate grid voltage accurately. The other harmonics
can follow the same rule to adjust the compensated angles to
achieve the accurate output waveforms.

System stability can be determined based on loop-gain
plots. Fig. 14 shows the bode plots of the loop-gain of the
control block diagram shown in Fig. 3, in which the phase
margin is greater than 50°and the gain margin is 5 dB under
light (150 €2) and heavy (15 €2) loads, proving the stability.

Fig. 15 shows the 10% voltage swell and 10% voltage
sag. It can change the voltage abruptly, within 0.3 ms under
half load. Furthermore, when voltage fault occurs, the voltage
drops to zero and backs to normal. Fig. 16 shows the exper-
imental waveforms whereas Fig. 16(b) shows their zoom-in
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FIGURE 15. Experimental waveforms. (a) 10% voltage swell. (b) 10%
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FIGURE 16. Experimental waveforms of three-phase voltage faults.
(a) Original and (b) zoom-in, showing the fast response.

ones of the red-boxes shown in Fig. 16(a). With the proposed
control MDDC, it can be seen that the response time is within
0.5 ms under half load and achieves a fast transient response.

The capability of the proposed grid emulator to test low-
frequency oscillation in voltage amplitude is verified in
Fig. 17, in which a 220V,ys 60Hz three-phase voltage with
sinusoidal flicker is generated. The amplitude variation is
5% of the main voltage and the flicker-frequency is 4 Hz.
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The figure can verify the effectiveness of the proposed grid
emulator.

Hybrid disturbance includes multiple types of disturbance
to test the grid emulator. Both voltage dips and harmonic dis-
tortion are included in the main voltage. As shown in Fig. 18,
VR contains the 10%/5th-order harmonic and 5%/7th-order
harmonic, Vg contains the 7%/5th-order harmonic and 10%
voltage sag at the mains, and VT contains 5%/5th-order har-
monic and 10% voltage sag at the mains. The load type is a
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rectified load which is shown in Fig. 19. From the figure, it
can be seen the effectiveness of the proposed grid emulator.

As compared with [3], the proposed MDDC can achieve
fast transient response than that with active damping. As com-
pared with [20] and [21], the proposed MDDC can achieve
low steady-state error. As compared with [1], the unbalanced
modes have been studied in this article. From the above dis-
cussions, the grid voltages can be emulated accurately and
thus, it can be used to evaluate the performance of distributed
generators.

IV. CONCLUSION

This article has presented the inverter with the proposed
MDDC, which can achieve the desired outputs. With the
MDDC, the inductance-drop with bias current increase has
been taken into account; thus, it can avoid the oscillating
waveforms and can reduce steady-state error. Moreover, it
can reduce voltage overshoot with limiter while step-load
changes. Particularly, with the harmonic-angle adjustment al-
gorithm, it can compensate for lagging angle to precisely
track the harmonic references, which can generate accurate
distorted grid-voltages. The proposed control can achieve fast
transient response while voltage faults. It is feasible to emulate
grid voltage with the proposed MDDC.
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