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ABSTRACT The conventional grid-connected inverters require a sophisticated digital signal processor to
generate the demanded reference signal as a feedforward signal for the sinusoidal pulse width modulation
(SPWM) control. However, the reference signal needs to be re-calculated to maintain the demanded power
control as the ac mains varies. It increases the computation burden of the controller and has become a
major obstacle of the grid connected energy storage system with demanded power flow control. Therefore,
a simplified approach to reduce the computation burden of the controller is proposed in this paper. With
the proposed simplified equation for the power flow control, the usage of a low cost microcontroller unit
becomes possible. In additional, no additional sensors or circuitries are needed. Meanwhile, the performance
of desired power flow control by using the simplified control is almost unaffected. The proposed simplified
algorithm is validated via mathematical calculations, computer simulation and experimental results. By
using the proposed simplified control, 52.3% of the computational clock cycles can be reduced. Different
operation scenarios were tested to validate the performance of the proposed simplified control via the
MATLAB/Simulink simulations and the 1kVA prototype experiments.

INDEX TERMS Grid-Connected Inverters, Pulse Width Modulation, Power Flow Control, Digital Signal

Processing.

I. INTRODUCTION

The renewable energy source has drawn a lot of attention due
to the energy shortage and environment issues. Moreover, the
energy consumption increases the demand for renewable en-
ergy such as wind and solar. The renewable energy resources
as distributed generations (DGs) have become more important
and caused the research on microgrid intensely. The microgrid
is attractive because the conventional electric power system
is stressed by the limitation of power delivery capability, the
exponential growth of power demand, and complication in
building new transmission and distribution lines [1]-[4].

A microgrid is an active distribution network that can be
utilized in either the islanding mode or the grid-connected
one. In the microgrid, the DGs are always connected to power
network through power inverters. In islanding mode, the in-
verter works as a voltage controlled source, where the mi-
crogrid has to control the power balance independently as it
disconnects from the main grid [5], [6]. Also, the intention of

the islanding mode is to increase the reliability of the power
supply in rural feeders and to sustain human development [7].
In the grid-connected mode, different DGs are connected in
parallel to the microgrid via the current controlled inverters
to supply local loads and possibly feed power into the main
grid. Those grid-connected DGs need to meet the grid codes
or national standards such as power factor and total harmonic
distortion [5], [8]-[10].

Therefore, grid-connected inverters have to achieve five
basic features: 1) the active power delivered to the grid; 2) the
reactive power transfer between the grid and the distributed
power generation system; 3) the DC-link voltage balance;
4) assuring high quality of the injected power; and 5) grid
synchronization. Also, the grid operator may request auxil-
iary services such as voltage harmonic compensation, active
filtering, or local frequency and voltage regulation [11].

On the other hand, in dealing with the inherent intermittent
nature of the renewable energy source, the energy storage
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device, such as a battery bank, plays an important role and
is commonly adopted to accommodate the variation of the
available power generation and demand [12]-[14]. The energy
storage device alone with the grid-connected inverter can sup-
ply uninterruptable power flow to the microgrid to improve the
power system’s stability and reliability [15], [16]. As a results,
the grid-connected voltage source inverter (GVSI) becomes an
important key component in modern power system [17]-[20].

Many circuit topologies have been proposed to implement
the GVSI. Among them, the full-bridge topology is the most
commonly seen and can be applied to different applications,
including the uninterrupted power supply [21], [22]. For the
GVSI, due to the ac mains voltage, the sinusoidal pulse-width
modulation (SPWM) becomes the most commonly used con-
trol method [23]. The advantages of SPWM include the real-
ization of frequency modulation and voltage regulation at the
same time, rapid dynamic response, and low frequency har-
monics elimination. Therefore, the SPWM has been adopted
in many GVSIs [24]-[26].

The control function of a GVSI can be divided into two
major tasks: power and current control. Usually, the outer
control loop is used to control the real and reactive power flow
between the DGs and the microgrid. The inner control loop is
mainly for the current control to mitigate the high frequency
disturbances and damp the output LC filter to avoid reso-
nance with the external network [13]. However, these control
strategies have to interact with many system parameters and
it requires a high end and high cost digital signal processor
(DSP).

The control schemes focus on the controllability of the
GVSI operated within the microgrid are discussed and an-
alyzed [18], [19]. The improvement, not limited in circuit
topology and yet the algorithm to decrease the switching
loss or to cancel out the oscillations caused by the harmonic
voltage distortion have been proposed [27], [28]. A review to
classify the existing control schemes for the GVSI to act as a
power quality conditioner has been discussed [29].

Meanwhile, a modularized bidirectional single-phase grid-
connected inverter with a control strategy which allows it to
operate in inverter mode or rectified mode has been proposed
[30]. Because of these operation modes, it needs to inject/draw
a sinusoidal current into/from the ac mains. However, the
control strategy is a hysteresis-based control scheme, which
has fast dynamic response and simple circuit yet it has to deal
with variable switching frequency operation that burden the
controller in completing the switching frequency calculation.
Therefore, it is the motivation to develop a simpler equation,
which can reduce the computational burden by using the
SPWM control method, and is able to sustain the grid voltage
fluctuations,

In this paper, a simplified algorithm using SPWM control
strategy is proposed for the GVSI that can be operated un-
der grid voltage fluctuation while maintaining the constant
demanded active and reactive power delivery. For the SPWM
control strategy, a sinusoidal waveform as the reference sig-
nal is generated to do the comparison with the triangular
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FIGURE 1. Schematic diagram of GVSI with current control.

waveform to generate the pulsating gate signal. The reference
signal consists of the parameters such as the ac mains volt-
age and the output current amplitude. Therefore, the conven-
tional approach to obtain the reference signal requires many
computational works to accomplish the mathematical solving.
The computational burden should be reduced to increase the
switching speed, the system’s dynamic response, and to utilize
a lower level microcontroller unit in order to reduce the cost.
Also, with the reduced computation time, the controller can
save time resource to accomplish more tasks such as THD
monitoring or multiple power module control.

Therefore, this paper focuses on the develop of a simplified
reference signal generation in order to reduce the computa-
tional burden. The mathematical derivation of the reference
signal is introduced in Section II, followed by the proposed
simplified equation, which is derived in Section III. In ad-
dition, the validation of the proposed simplified equation is
presented in Section I'V. Finally, the computer simulations and
experimental investigations of the proposed simplified control
algorithm is verified by a laboratory prototype in Section V.

Il. MATHEMATICAL DERIVATION

A single-phase full-bridge GVSI with a SPWM current con-
troller is depicted in Fig. 1. The full-bridge GVSI is composed
of four power switches, an LC filter and a current controller.
The current controller consists of a reference signal generator,
current error amplifier, and a comparator with PWM switch-
ing signals.

As shown in Fig. 1, three parameters, ac mains voltage v,
dc voltage V. and reference ac current iy s, are required to
generate the feedforward sinusoidal control signal v, for the
PWM gate signal comparator. On the other hand, to compen-
sate the output current distortion, the output current is sensed
and compared with the reference current alone with an error
amplifier to form a feedback current control. The compensated
sinusoidal reference signal, v, ¢/ and the triangular carrier, V;;
waveform are compared to generate the PWM gate signals
for the power switches. Since the objective of the proposed
simplified control method is to transfer the demanded constant
power under the fluctuated ac mains voltage, the reference
signal generator in the feedforward loop is focused.
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FIGURE 2. Typical key waveforms of gate signal generation using SPWM
method.

The key waveforms of typical SPWM strategy for two
switching cycles are shown in Fig. 2. The sinusoidal reference
signal v,.; can be illustrated as the red straight line because
the switching frequency is much higher than line frequency.
The duty ratio d of the gate signal determines the complemen-
tary turn-on time, f,,, and turn-off time, 7, for the switches
pair, S;&S4 and S>&S3, respectively.

The voltage v, across the terminals A and B in Fig. 1 is
either +V,;. or —V,.. By modulating d, the voltage v, can be
controlled. By referring to the waveforms shown in Fig. 2, the
duty ratio d of the inverter can be written as:

l Uref

d =
2 2Vipeak

(D

where V)eqr is the peak value of the triangular waveform, V;,.;.
The equivalent value of v,;, within one switching period is
expressed as:

Vap = [Vae x d] +[—Vae x 1 —=d)] = [2d — 11V4e  (2)

By substituting (1) into (2), the expression of the voltage at
terminal A and B becomes:

Vap = ( Vie
b =
Vpeak

> Uref (3)

From Fig. 1, the relation of v,p, v, and i, across the
inductor L in steady-state can be derived as:

diac
dt

Substituting (3) into (4) results in the following equation of
the steady-state current expression in phasor form:

Vd(- ) N N
v — vV
- (mek ref ac

iac—

“)

Vap — Vge = L

®)

JjoL
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where o is the angular frequency of the ac mains and the right
arrow on the top of iu, vy and v, represents the phasor
form. As shown in (5), the current control of i, requires the
determination of the reference signal and the grid voltage.
The current control block shown in Fig. 1 is used to fulfill
the SPWM gate signal generation, where the sinusoidal ref-
erence signal generator is included in the feedforward path
and the current compensation is accomplished by the error
amplifier in the feedback path in grey color. To generate the
sinusoidal reference signal, v,.r, for the SPWM control, it
requires the information of dc voltage, ac mains voltage, and
line current. The goal of the control strategy is to make the ac
mains current i, equal to the desired reference current izc e .
To do so, an appropriate sinusoidal reference signal needs to
be generated. Thus, (5) is rearranged into (6) to determine the

Uyef.

- Vpeak [— Lo
Uyef = ‘I;dea |:vac +]CULlac,ref] (6)
C

To facilitate the phasor form of reference signal calculation
in (6), the magnitude, |$ rer| and the phase angle, Z6,, of the

VU o can be derived as below:

-2 IR 2
‘;‘ /| = Vpeak Vac +w2L2 iac,ref )
re - N —_
Vie \ —2wL ‘ Vac| | iac,ref|sin (0 — 6y)
| ?ac sin 6, + wL ?ac,,ef cos b; )
LBy = tan~ — — (8)
Vae|COSOy — WL | ige rer|sin Qi_

where |?uc|, | iqc| is the amplitude of v, and i, 6; is the
phase angle of the ac mains current, 6, is the phase angle of
the ac mains voltage which can be assumed to be 0°.

When the ac mains voltage is fluctuated from the nominal
value, the reference signal needs to be renewed. From (7) and
(8), the updated reference signal equation can be expressed as
below:

N 2 N 2
— Vpeak Vacnew| + szz 1 ac.new
‘ vref,new = v N N . (9)
de —2wL |V ge.new | | § ac.new| sin (6;)
oL | i ge.new| cos 0;
Zeref,new = tan_l N — (10)
Vacnew| — WL | i ge.new| Sin 6;

where |V ref new! and Z60,¢r e are the new values of magni-

tude and phase angle of the 7ref, while |3ac,new | and | i ge. new|
are the amplitude of the new ac mains voltage and current,
respectively.

The block diagram representations of (9) and (10) are il-
lustrated in Fig. 3(a) and (b), respectively. As clearly depicted
in Fig. 3, both magnitude and phase angle of the reference
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FIGURE 3. The computation block diagrams of conventional reference
signal under fluctuated ac mains voltage 5“,,,“,. (a) The magnitude of the

reference signal |V ef e, | in (9). (b) The phase angle of the reference
signal 20, pe,, in (10).

signal need to be re-calculated if the ac mains voltage fluctu-
ates. However, the calculation requires numerous mathemat-
ical operations which increases the computational burden of
the controller.

1Il. PROPOSED SIMPLIFIED EQUATION
In this paper, the inverter is designed to operate under fixed
demanded apparent power. Under the demanded power con-

dition, the magnitude | 4 rr| and phase angle 6; of the ac
mains current can be expressed as below:

VP2 + 02

N

—~

Y

iac,ref =

Vac

0; = —tan_I% (12)

where P is the active power and Q is the reactive power. By
combining (9) through (12), the mathematical expression of
the new reference signal can be derived as following equa-
tions:

2 w2l (P2+Q2)

_ Vpeak - +

U ac,new
Va’c

) Uref,new — + 2wLQ

U ac,new

13)
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LP
éeref,new = tan_l @

— 5 (14)
|Vacen| +0LO

Referring to (13) and (14), the phase angle in (14) becomes
simpler compared to (10), but not for the magnitude as in
(13). Hence, the simplification derivation is focused on the
magnitude of the reference signal. Because the objective of
the GVSI is to maintain the consistent power control under
the variable line voltage condition, the amplitude of the new ac
mains voltage and current can be expressed by the summation
of the nominal value and the variation as shown below:

—

= Vac + Avge (15)

U ac,new

iac,new‘ = Iye + Aige

(16)

where |?ac,new| and | 4c.new| 1S the amplitude of the new
ac mains voltage and current, respectively. Also, V,. and I,.
are the nominal value of the ac mains voltage and current.
Meanwhlle Avac and Ai,. are the variation values of the

| VU ge.new| and | i ac.new| Over the nominal voltage and current.

Since the |vac,ngw| is the main trigger for the calculation
process, a variation index, k is developed for the proposed
simplified method. The variation index k is defined as the
variation ratio of the voltage and can be expressed as:

—

Vacnew| — Vae Avge

k = == .
VQC Vac

a7)

It should be noted that the detection of the ac mains voltage
in every cycle is an existing required feature in the GVSIL
Hence, no additional circuitry is required for the proposed
method. Since the GVSI is expected to deliver the same de-
manded S under varying ac mains voltage, the nominal S is
equal to new S as expressed below:

VllCIdC - v ac,new iac,new ‘ . (1 8)

By substituting (15), (16), and (17) into (18), the following
expression is obtained:

Avye

Aige = ———
ac Vac

lye = — (19)
where the term Awv, Ai,e is relatively small and can be

neglected.

Hence, (15) and (16) can be substituted into (9) which
(Vae + Avge )2 + CUZLZ(IaC + Alge )2
—2wL (Vae + Avae) Uae + Adge) sinb;

yields:
_ Vpeak
Vie
(20)

By solving and rearranging (20) with the assumption that
Ai2., AvgeAiy are relatively small and are neglected,

Uref new

‘

Av?

(l(,’ ac’
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then (21) can then be obtained:

Ve + 0?L2 1,2 — 2wLV,c 1, sin 6;

%
A Pk oo Avge + 202 L2 L0 Ay,

Vd c

N
‘ v ref,new

(21

It is understandable that both (7) and (21) are related since

they are the equations for the magnitude of the v,,. In other
words, the new magnitude of the v,.; can be written as:

+A Uref (22)

N N
‘ Uref.new| = ‘ Uyef

where |; ref| is the magnitude defined from (7) using nominal

value and Av,,y is the variation of the |?,ef,new|. Equation
(22) reveals that only the Av,,r is required to be re-calculated

in order to update the value of |?r€ f.new|- From (7), (21), and
(22), the following equation can be obtained:

1% 2
Avref B ( ‘l;;ak )
c

Ve AVge + 02 L2 Lo Aige — 0L (Ve Aige + Lie Avge) Sin 6;

‘ Uyef
(23)

The expression of Av,,.; can be simplified by substituting
(11), (12), (17), and (19) into (23). Eventually, a concise
expression of Av,,; can be written as:

Vv 2
Avyey = ( Cdk)
c

Vv 4, 212(p24 02 . .
Lk y2( Ve 0" LT (P07 y ¢onsists of constant nominal
dc \% 2‘ v |

. ac ref .

values, and is denoted as N. Hence, the new magnitude of v, ¢

in (22) can be rewritten as:

Vac4 _ a)2L2 (P2 + Q2)

e
Ve Uref

(k) (24)

where (

+N k. (25)

‘ Uref new| = ’ Uyef

Eventually, the mathematical block diagrams to compute
the magnitude (25) and phase angle (14) of the new refer-
ence signal are shown in Fig. 4. By comparing to the block
diagram shown in Fig. 3, the computation in Fig. 4 appears
to be much simpler. To further confirm the computational
burden reduction, the instruction clock cycles required by
MCU/DSP to execute the mathematical operations in (9), (10),
(14) and (25), or in Fig. 3 and Fig. 4, are analyzed. Fig. 5
shows the required number of clock cycles, which is obtained
based on the instruction set specification of Texas Instruments
TMS320C28x MCU/DSP controller [31]. Fig. 5 shows a bar
chart to present the required clock cycles comparison. As
evidently shown in Fig. 5, the proposed simplified equations
(14) and (25), in red color bar, require significantly less clock
cycles than that required by conventional equations (9) and
(10) in blue color bar. The overall reduction in computational
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FIGURE 5. The comparison of the clock cycle counts for the conventional
and the proposed simplified equations of the reference signal.

burden achieved by the proposed simplified equations is, more
than 52% as shown in Fig. 5.

The proposed simplified control algorithm can also achieve
similar computing time reduction for high-level DSPs
with hardware acceleration units and various programming
languages.

IV. MATHEMATICAL VALIDATION

Although the proven proposed simplified equation had re-
duced the computational burden, the accuracy of using the
proposed approach will be verified in this section. The speci-
fications of the inverter shown in Table 1 is used to show the
accuracy of the proposed equation via mathematical valida-
tion, computer simulation and prototype experiment.
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TABLE 1. Specification of the Single-Phase Full-Bridge Inverter

TABLE 3 The Classification of Profiles under Variation of Av,c (%)

Parameter Symbol Value
demanded apparent power S 1 kVA
ac mains voltage Ve 110 Vi
dc voltage Ve 200V
output inductor L 2 mH
output capacitor C 0.1 uF
line frequency f 60 Hz
switching frequency fow 30 kHz

TABLE 2. Magnitudes and Errors of the Reference Signals for Under
Different Avsc and Power Rating

Power P =600W,; P =800W; P=1000W;
rating Q=800VAR Q=600VAR Q=0VAR
AV ©) 25) Error ©) 25) Error ©) 25) Error
(%0) (%) (%) (%)
-20 {102.27 101.60 0.62 {99.23 98.67 0.57 [89.65 89.36 0.33
-15 [106.84 106.51 0.31 {103.98 103.68 0.29 [94.88 94.73 0.16
-10 [111.56 111.42 0.12 {108.82 108.70 0.11 {100.16 100.10 0.16
-5 11637 116.33 0.03 |113.75 113.72 0.03 {105.49 105.48 0.01
0 (12125 121.25 0.00 {118.73 118.73 0.00 {110.85 110.85 0.00
5 |126.19 126.16 0.02 |123.78 123.75 0.02 |116.24 116.60 0.04
10 |131.18 131.07 0.09 |128.86 128.77 0.08 |121.06 121.97 0.07
15 |136.22 13598 0.18 |133.99 133.78 0.16 |127.06 126.97 0.07
20 |141.13 140.90 0.29 [139.15 138.80 0.26 |132.49 132.34 0.11

The new magnitude of the reference signal for the conven-
tional and the simplified equations derived in (9) and (25) are
calculated and compared in this section. For the validation,

both equations for the |?,e r.new| are calculated under different
ac mains voltage. Table 2 shows the tabulation of the calcula-
tions of the new magnitude of the reference signal using (9)
and (25), where Av,,. are set between the range of +20% to
—20%. The error percentage on Table 2 is defined as the ratio
of the magnitude value difference between (25) and (9) over
the value of (9).

From the calculated results shown in Table 2, the proposed
simplified equation (25) can obtain relatively small difference
by referring to (9). It shows that the error percentage of (25)
remains below 0.62% even though the ac mains has reached
a 20% fluctuation, which is much larger than the commonly
used grid code.

Through the mathematical validation shown in Table 2, the
performance of the proposed simplified equation using (25)
can be organized into different set of conditions to verify the
accuracy of the reference signal through computer simula-
tions and experimental measurements. In order to validate the
proposed method, the system is divided into three different
profiles as discussed in the following sections.

VOLUME 1, 2020

Profile Avac (%) Peak ac voltage (V)
Normal 0 155.56
Case 1 -15 132.23
Case 11 +15 177.63

FIGURE 6. The picture of 1kVA prototype GVSI showing power stage and
control stage with controller using TMS320F28355.

V. SIMULATION AND EXPERIMENTAL RESULTS

Table 3 presents the classification of the profiles for the GVSI
to be tested under different ac mains voltages. For the GVSI
power rating, the active power, P and reactive power, Q are set
as 600 W and 800 VAR, respectively. These profiles are set
as Normal, Case I and Case II where the values of Av,. are
0%, +15%, and —15%, respectively. Therefore, the expecta-
tion from these profiles is to observe the consistency of the
output active and reactive power under various ac mains with
different Av,. while using the proposed simplified equation
(25) to replace the conventional equation (9). In the next sec-
tion, computer simulations and hardware experimental results
will be presented to verify the performance of the proposed
simplified algorithm.

The performance of the proposed simplified equation (25)
is tested by MATLAB/Simulink simulation and experimental
measurement using prototype 1 kVA GVSI connected to the
grid simulator as shown in Fig. 6.

A. COMPUTER SIMULATIONS

The proposed simplified algorithm is carried out using MAT-
LAB/Simulink for different operating cases stated in Table 3.
The simulation results for output power, ac mains voltage,
and output current for different operating cases are shown
in Fig. 7(a), (b), (c) and (d), respectively. For the waveform
shown in Fig. 7(a), the instantaneous power maintains the
same amplitude level for different operation cases. However, it
experiences an avoidable disturbance between two cases when
a very large ac line voltage step change occurs. As shown in
Fig. 7(b), the ac mains voltage has a 15% sag during Case I
and 15% swell in Case II. To produce the constant power, the
current during Case I will be increased, as shown in Fig. 7(c),
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FIGURE 7. Simulation waveforms of (a) instantaneous power pq, (b)
output voltage of the inverter v,, (c) output current of the inverter i, and
(d) active and reactive power P and Q, respectively, under Normal, Case I,
and Case II.
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FIG. 8. Simulation waveforms of the inverter using the proposed
simplified algorithm for the step change in demanded power under a
constant grid voltage. From top to bottom: instantaneous power, pq;
output voltage of the inverter, vqc; output current of the inverter, iyc; active
power P and reactive power Q.

because of the change of the magnitude of the sinusoidal
reference signal calculated by the proposed simplified (25).
Similarly, the current in Case II will be reduced since the ac
mains has a 15% voltage fluctuation. However, the output ac-
tive and reactive power remain constant, as shown in Fig. 7(d),
under different operation conditions. It should be mentioned
that the proposed simplified algorithm can also achieve a fast
transient response.

From the simulation results, it can be seen that the GVSI
with the proposed simplified equation is able to maintain the
demanded apparent power as the P and Q remain unchanged,
even in different Case I and Case II.

It should be noted that the proposed simplified algorithm
can achieve a fast transient response as shown in Fig. 7, where
the current took one cycle to stabilize after a change in the
ac mains voltage. From the simulation results, it can be con-
cluded that the GVSI with the proposed simplified equation
is able to maintain the demanded power under fluctuated ac
mains voltages.

On the other hand, the proposed method also works well
for any step change in demanded power under a constant grid
voltage as the simulation results shown in Fig. 8. Besides,
the proposed simplified algorithm can also achieve the desired
performance under various frequencies and harmonics distor-
tion. Because of the phase-lock-loop in the controller, both
the conventional and the proposed simplified algorithm can
generate the synchronized reference signal, which is in-phase
with the line frequency, either 60 Hz or 50 Hz.

About the impact of the ac mains voltage harmonics, it is
understandable that the performance of the injected P and Q
will be affected by the ac mains voltage harmonics distor-
tion. Fig. 9 shows the simulation results when the ac mains
voltage is highly distorted with 20% THD consisting 3™ and
5% harmonics. It is reasonable that the output line current
also contains harmonics components because of the distorted
ac mains voltage. However, it can be seen that the inverter
using the proposed simplified control method, as shown in
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FIG. 9. Simulation waveforms of the inverter connecting to the distorted
grid voltage with 20% THD at 0.3 sec. (a) using the conventional algorithm
(b) using the simplified algorithm.

Fig. 9(b), can achieve almost the same performance by using
the conventional control method, as shown in Fig. 9(a).

B. EXPERIMENTAL RESULTS

The picture of the prototype GVSI is shown in Fig. 6, where
the control stage is stacked on the top of the power stage. The
Texas Instruments DSP TMS320F28335 is adopted to realize
the controller of the GVSI prototype. The grid voltage and
output ac current are sensed and fed back to the controller to
compensate the output current distortion. It should be men-
tioned that the demanded output power command is set by
the user and the dc input voltage remains constant during the
hardware experimental test.

The hardware experiments are conducted with the speci-
fications shown in Table 1. The experimental setup consists
of a Chroma programmable DC power supply 62100H-600S
to supply constant dc voltage to the inverter and a Chroma
programmable AC source 61611 as a grid simulator.

Fig. 10(a) shows the measured waveforms of the dc voltage
Ve, the instantaneous power p,., output voltage and current
under the Normal profile listed in Table 3. It reveals that the
prototype GVSI is able to inject an almost pure sinusoidal
current into the grid to deliver the demanded active and re-
active power. It should be noted that the small instantaneous
power fluctuation is caused by the MATH function of the
oscilloscope.
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Normal

FIG. 10. Experimental waveforms of output voltage and current of the
prototype GVSI, v and iq, respectively (a) under Normal profile and (b)
under Case | and Case II.

To validate the proposed algorithm, the prototype GVSI
is tested with the classification profiles stated in Table 3.
Fig. 10(b) shows the experimental results of the prototype
GVSI operated under two different profiles of the Avge.

In Fig. 10(b), from top to bottom, the yellow straight line
is the dc voltage V., the pink waveform is the instantaneous
power p,. obtained directly using the multiplication function
of the oscilloscope, the purple one is the ac mains voltage v,
and the red one is the ac output current i,. of the GVSI. As
shown in Fig. 10(b), the ac mains voltage v, has different
magnitudes in different cases. By using the proposed simpli-
fied algorithm, the ac line current will be adjusted accordingly.
However, the envelope of the generated power p,. remains
unchanged during different ac mains profiles. The experimen-
tal results validate that the proposed simplified algorithm can
successfully control the output current of the GVSI to deliver
the consistent demanded power to the ac microgrid under a
wide range of voltage variation.

It is worth to note that the proposed method also works
well for any step change in demanded power under a con-
stant grid voltage. In addition, the proposed simplified algo-
rithm can also achieve the desired performance under various
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frequencies and harmonics distortion. On the other hand, the
reduction in computational burden through the proposed sim-
plified algorithm offers the benefit to increase the switching
frequency. Therefore, the size of passive components, such
as the magnetic core, can be reduced too. Eventually, the
reduction of size, weight, and cost of the converter becomes
promising.

VI. CONCLUSION

The GVSI plays an important role for the energy storage com-
ponent to connect to the microgrid. However, to deliver the
demanded power to the grid, the reference signal of the con-
troller needs to be calculated based on the variation of the ac
mains voltage. In this paper, a simplified equation of the refer-
ence signal generation is proposed for the GVSI to reduce the
computational burden while delivering the constant demanded
power under various ac mains voltage. With the proposed
simplified equations, the use of a low cost microcontroller unit
becomes possible, the switching frequency can be increased,
and the system’s dynamic response can be improved. Also, the
controller can save time resource to accomplish more tasks
such as THD monitoring or multiple power module control.
The operation principle of the GVSI current control using
SPWM is introduced. The derivation of simplified equation
under the variation of grid voltage is explained. The proposed
simplified equation can reduce the computation burden by
52.3% with less than 0.62% of error. The performance of the
proposed simplified algorithm is validated via mathematical
calculations, computer simulations, and experimental results
under various operation conditions.
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