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Abstract—Serial voltage injection (SVI) converter is widely used
in frequency-scan for the impedance measurement of the grid-
connected inverter. The dc power supply is necessary for the SVI
converter, which reduces device power density and cost perfor-
mance. Meanwhile, the fundamental voltage variation brought by
the varying operating capacity of the inverter and the voltage
drop on the grid impedance decreases the impedance measurement
precision in the traditional control scheme. In this article, the
bidirectional power balance control strategy is first proposed to
maintain the dc voltage without an additional dc power supply.
Then, a voltage reference calculation method is proposed for reg-
ulating fundamental voltage. By the proposed method, the SVI
converter can inject broadband-frequency voltage perturbations
into the system under test with constant dc-side voltage and desired
ac-side voltage. The impedance accuracy is not affected by the
operating capacity of the inverter and the impedance of the grid
with the proposed control method. The proposed power balance
control with fundamental voltage control of the SVI converter is
verified by the experimental tests.

Index Terms—Bidirectional power control, fundamental voltage
control, impedance measurement, serial voltage perturbation
injection.

1. INTRODUCTION

ITH the increasing penetration of renewable energy, e.g.,
W wind/photovoltaic power generation in power systems,
power electronics converters are being commonly utilized as the
interface between renewable energy power generation systems
and the grid. The interactions between the converter and the grid
have led to small-signal instability due to their highly nonlinear
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behavior [1]. Hence, it is essential to analyze the small-signal
instability, which is usually manifested as the broadband os-
cillatory phenomenon occurring in the grid-connected inverter
and the grid. There are mainly two types of methods to analyze
the stability of renewable energy integrated power systems: the
root-locus-based [2] as well as other time-domain analytical
methods, and the impedance-based methods [3]. The root-locus-
based method needs to solve high-order characteristic equations
of the system, which is also difficult to analyze the eigenvalue.
Currently, the impedance-based method is usually applied for
stability analysis. The ratio of the grid impedance to the inverter
inputimpedance is an effective stability criterion. The equivalent
impedance of the grid-connected inverter can be derived by
modeling or measurement [4], [5], [6], [7]. However, accurate
controller parameters are required in the analytical impedance
modeling of the inverter. These detailed parameters are usually
difficult to obtain from the encapsulated product. In contrast,
the inverter is regarded as a black-box model and the equiv-
alent input impedance of this black box can be acquired by
measurement, which does not require the detailed parameters of
the inverter. Therefore, impedance measurement is a promising
method in impedance-based stability analysis.

Impedance measurement methods can be divided into nonin-
vasive measurement methods and invasive measurement meth-
ods [8]. Noninvasive measurement method uses the existing
harmonics in the system, such as load switching, the back-
ground harmonics of the system, etc., to get the impedance
information at a specific frequency. This method does not require
any excitation sources. In [9], the switching capacitor method
generates harmonic signals by changing the switching state of
the capacitor in the power system, but the disturbance current
amplitude cannot be controlled.

The invasive measurement method usually can measure more
accurate impedance information, which uses impedance mea-
surement units (IMUs) to inject desired perturbations into the
system under test, and the inverter input impedance is derived
by analyzing the response with the desired injections with
Discrete Fourier Transform. There are many different IMUs
generating perturbations for impedance measurement. Liu et al.
[10] injected current perturbation into the system by using a
power amplifier. The harmonic current is injected into the system
by using a chopper circuit composed of resistors connected
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in series with transistors in [11]. The above two mentioned
solutions both have limitations in high-impedance measurement.
A voltage amplifier, which injects the perturbation current into
the system under test, is discussed in [12]. Yet, it can only
measure the impedance at low-voltage power systems up to
100 kW. Further, a three-phase low switching frequency chopper
circuit for current perturbation injection is presented in [13], and
the injection current contains considerable harmonics by using
this topology. In [14], the three-phase bridge converter is applied
for current injection with relatively low frequencies.

The IMU with shunt current injection solution is mainly used
for the measurement of the low impedance, while the serial
voltage injection (SVI) can measure high impedance more accu-
rately [15]. Sumner et al. [16] injected transient voltage pertur-
bation into the network under test by an ideal controlled voltage
source. The interleaved power electronics building blocks are
used in [17] for the SVI with the additional dc power supply. In
[18], the interleaved H-bridge modules are used to inject voltage
perturbation. However, the impedance measurement accuracy of
the SVI method is remarkably affected by the potential variation
of the fundamental voltage at the point of common coupling
(PCC), which is brought by the grid impedance and operating
capacity of the system under test [19], [20], [21].

The IMU, dynamic voltage restorer (DVR), active power
filter (APF), and static synchronous compensator (STATCOM)
in the high-power system are widely utilized in fundamental
voltage compensation, harmonic rejection, and reactive power
compensation. DVR is used to compensate for the fundamental
voltage sag/swell to maintain the equilibrium point of the load
but requires an extra dc power supply [22], [23], [24], [25]. APF
and STATCOM are applied in harmonic filtration [26], [27],
[28], [29] and reactive power compensation [30], [31], [32],
[33], respectively. Yet, APF and STATCOM lack the ability of
voltage perturbation injection. The existing IMU with the SVI
strategy [17] also requires an extra dc supply and cannot regulate
the voltage at PCC. At present, the high power density IMU with
the ability to regulate fundamental voltage is not proposed yet.

To accurately measure the input impedance of the grid-
connected inverter in different operating conditions, this article
proposes a control scheme for the IMU using an H-bridge con-
verter. Compared to existing IMUs, the proposed SVI converter
for the IMU does not require an additional dc power supply to
support dc-bus voltage, which increases the power density and
cost performance. The proposed control strategy is designed to
regulate the voltage amplitude at PCC to the desired voltage,
which corresponds to the condition of different grid impedances
and operating capacities, while a range of 5-1000 Hz serial
voltage is injected into the system under test. And the impedance
measurement accuracy is thereby not affected by the operating
capacity of the inverter and the impedance of the weak grid.

The rest of this article is organized as follows: Section II de-
scribes the structure of the SVI converter and the grid-connected
inverter. The mathematical model of the SVI converter is es-
tablished in the s-domain and the output impedance model of
the inverter is introduced. In Section III, the power distribution
is analyzed first, and the bidirectional voltage balance control
and the fundamental voltage control are proposed for the SVI
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Fig. 1. SVI converter and the grid-connected inverter.

converter. In Section IV, a semi-physical simulation verification
is carried out to verify the effectiveness of the proposed control
scheme for a grid-connected inverter of 5 kW. In Section V,
the proposed control method is verified in the scaled-down
experimental platform of 330 W. Section VI concludes this
article.

II. SYSTEM DESCRIPTION AND MATHEMATICAL MODEL

A. System Description and the Mathematical Model

Fig. 1 depicts the topology of the SVI converter using one H-
bridge module, and the grid-connected inverter with an L-filter,
where L, and R, represent the grid Thevenin impedance. L, and
R, represent the filter inductance and its equivalent resistance of
the inverter, respectively. And R,, R, usually can be neglected.
u, is the grid voltage. u,. is the voltage at PCC. i is the grid-
side current of the inverter. Uiy, is the dc-side voltage of the
inverter. u, is the output voltage of the SVI converter. i, is the
output current of the SVI converter. Ly and Cyrepresent the filter
capacitance and inductance of the SVI converter, respectively.
Cqc is the dc-side capacitance of the H-bridge converter. ucoy
is the output voltage of the H-bridge converter and uq. is the
voltage across Cq.. The bidirectional thyristor is used to isolate
the SVI converter from the grid inverter before measurement. At
the initial instant of impedance measurement, the bidirectional
thyristor will be switched OFF for connecting the SVI converter
to the PCC in series.

According to Fig. 1, the mathematical model of the measuring
system can be established as

Us + Uo = Upee

Crle =iy +i (1)

die _
Lf at — Ucov — Uo

and the block diagram of the measurement system in the s-
domain is shown in Fig. 2, in which the SVI converter can be
analyzed as a basic second-order system.
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TABLE I
PARAMETERS OF THE GRID-CONNECTED INVERTER
um\'(s) . | 1 | ie(s) M) L Uols) Parameter Value
T~ l sL, I ++ |G L. 2mH
. K, K; 10, 6000
ZS(S) Kppri, Kipre 1,99
. . Upee 311V
Fig. 2. Block diagram of the measurement system. Lot 2 A
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Fig. 3.

B. Impedance Model of the Grid-Connected Inverter

The single-phase grid-connected inverter is usually controlled
as a current source in the unit power factor [34]. And the control
loop is shown in Fig. 3, where the proportional-resonant (PR)
controlleris used to track the sinusoidal reference i5,..f accurately
and the phase-locked loop based on second-order generalized
integral (SOGI-PLL) [35] is used to provide the phase 0. of
the voltage at PCC, and m;,, is the modulation wave of the
inverter.

Based on the Thevenin theorem, the output impedance of the

inverter Zi(nsv) can be derived from the current control loop shown

in Fig. 3. The transfer function of Zi(ns’v) is expressed as

s Upee (S sL,+ R, + G;(s)e 15T
Zi(nv) . (s) _ g(s) 9 (s) )
is(s) Gp1Gi(s)e1:5Ts — 1

where GES) is the transfer function of the PR controller and T is
the sampling period. Glgli? is the transfer function from u. to
the current reference igof [36], which is expressed as

G&) = Lt [Ty (s — jwo) + Tyn(s + jwo)]d(s)
+j Lt [Ty (s - Jwo) — Ton(s + jwo)lq(s) 3)

(s) _ GpipLL — Kp_prLs+KipLL
pll S+UPC3G§>&i)—PLL s24+upee (Kp-pLLs+K1-PLL)

where d(s) and ¢(s) are the transfer functions of SOGI, which
are used to construct the orthometric components. wq is the
fundamental frequency of the grid and Giﬂpm is the transfer
function of the PI controller for SOGI-PLL. From (3), it can
be seen that G;ELSL) is affected by /I rer and upc. especially when
Upcc 18 relatively low and the operating capacity of the inverter
is high.
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Fig. 4. Frequency response of Zi(ni) when upcc and /o are different.

Consequently, Zi(nf,) derived from Fig. 3 and Table I will be

changed with the fundamental voltage variation and current
reference variation of the inverter, as shown in Fig. 4.

III. CONTROL STRATEGY OF THE SVI CONVERTER
A. Bidirectional Power Balance Control

The stable dc bus voltage is essential for the SVI converter to
inject perturbation. Therefore, the bidirectional power balance
control is proposed to regulate the dc capacitor voltage.
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Fig. 5. Operation principles of bidirectional power balance control. (a) Block
diagram of bidirectional power balance control. (b) Vector diagram of u,, is,
us, and upcc.

Converter loss, e.g., switching loss and loss of dc side equiv-
alent resistor leads to the decrease of dc voltage. The SVI con-
verter should absorb active power AP from the grid to balance
the converter loss AP)oss. In the dg rotating frame, the active
power absorbed by the SVI converter can be calculated as

uodisd + uoqisq
2

where u,q and igq are the d-axis components of the output
voltage vector u, of SVI inverter and inverter current vector
i, respectively. u,, and iy, are the g-axis components of the
output voltage vector u,, of the SVI inverter and inverter current
vector i, respectively.

To simplify (4), the d-axis can be set aligned by SOGI-PLL
with i, in which the g-axis component of i is zero. And (4) can
be rewritten as

AP = (4)

AP = Uodlsd. 5)
2

It is obvious that AP can be controlled by regulating the value
of u,q considering isq as constant. Fig. 5(a) shows the block
diagram of the bidirectional power balance control, where uqcyef
is the dc bus voltage reference. uq. is the dc voltage of the H-
bridge converter. u ygref and i oqref represent the d-axis and g-axis
references of the output voltage vector u,, respectively. 6 is
the phase angle of i,. u,f is the a-axis reference of u,, in the

af stationary frame. mgq., is the modulation voltage.
In bidirectional power balance control, the active power AP
is reflected by the difference between ugcrer and ugc. Uodref 18
calculated by the PI controller to regulate AP as demand in

terms of (5). As shown in Fig. 5(a), G b ) and Gi(lf ) represent
the transfer functions of voltage-outer-loop PR controller and
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Fig. 6. Power flow among the SVI converter and system under test.

current-inner-loop PR controller, which are used to track u,f
in stationary frame rapidly and accurately.

Furthermore, u, is controlled to be aligned with is in the
steady state. And i, is aligned with u,.. in the condition of the
unit power factor [34]. According to (1), the vector diagram of
Uy, is, Uy, and Uy in stationary and rotating frames can be
derived as shown in Fig. 5(b). It is clear that the amplitude of
Uy will be greater than u, due to the existence of u,, which
is regulated to absorb active power for the SVI converter for
balancing the active power between the grid side and the dc side
of the H-bridge converter.

B. Voltage Perturbation Injection and Power Flow Analysis

The variation of u,.. under bidirectional power balance con-
trol is very little due to the slight loss of the H-bridge converter.
However, the variation of u.. could be greater when pertur-
bation voltage is injected into the system under test. From the
aspect of power flow shown in Fig. 6, the power flow among
the SVI converter and the system under test includes four parts:
P;, generated by the inverter, AP, AP}, and the perturbation
power APy, In the voltage perturbation injection process, AP},
absorbed by the inverter’s equivalent impedance is completely
provided by the SVI converter; AP is absorbed by SVI converter
to balance APj,ss and APy, to support the dc voltage. According
to Figs. 1 and 6 and (5), the relationship of power flow between
the SVI converter and the system under test satisfies

AP = APy + AP = uo%iSd
u), COS[LZi(niwh)] (6)
Z(jwh)

inv

1 .
APy = 5Upcchish cos Oy =

where upcch, ish, and u,y, are the injected harmonic components
of upce, is, and u,, respectively; 0}, is the phase difference of
Upceh and igp; and wy, is the injected harmonic frequency. From
(6), it can be concluded that AP}, will be larger if [ZUwn)] is
small at some perturbation frequencies, and u,q and upc. will
thereby remarkably vary.

Fig. 7 shows the control block diagram of voltage perturbation
injection, where u,n.of s the injection perturbation voltage
reference from 5 to 1000 Hz; Gish) and G 52) represent the transfer
functions of PR controllers for the perturbation voltage and
current, respectively.

It can be illustrated from Fig. 7 that the perturbation voltage
and current controllers are connected with the bidirectional
power balance controller in parallel to construct the multiple
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Fig. 7. Block diagram of voltage perturbation injection.

PR controllers (MPR) [37], which are utilized for tracking fun-
damental and harmonic components and avoiding the harmonics
interaction with each other. Therefore, the proposed method
offers two isolated control paths for the SVI converter to achieve
the active power balance in the fundamental-frequency domain
and the voltage perturbation injection in the harmonic-frequency
domain simultaneously. The parameter design for the MPR
controller can be referred to in [18].

C. Fundamental Voltage Control

In the weak grid, which means the equivalent impedance of
the grid is quite large, the fundamental component of u,.. can
be calculated as

uli%®) = u, + (jwoLs + Rs)is(jwo). (7)

Apparently, u,.. will change remarkably under different
power ratings P;,, since the voltage drop of the impedance of
the grid is too large to be neglected.

From (3), the output impedance of the inverter is affected
by the fundamental amplitude of u,,.. It is inevitable that u .
will change under perturbation injection and vary widely due to
the large impedance of the weak grid. Thus, the fundamental
amplitude of uy.. should be regulated to the rated value to
suppress the influence of the grid impedance and the perturbation
injection on PCC voltage. Furthermore, the amplitude of u,, is
also supposed to be controlled to any desired values including
the rated value to simulate the different equilibrium points for
the complicated grid conditions.

It is assumed that the voltage vector u,.. and the current
vector i, are oriented to d-axis. In the dg rotating frame with the
fundamental frequency, the vectors u,, i,, us, and uy.. should
satisfy

uodisd = 2AP
Usd + Uod = Upced
Usqg + Uog = Upceq

2 2 _ ref \2
upccd + upccq - (upcc)

®)

where ugq and .. ¢ are the d-axis components of the vectors u
and u ., respectively. iy, and . 4 are the g-axis components
of the vectors us and up.., respectively. uf,ifc is the desired
fundamental amplitude of u . corresponding to the conditions

of different grid impedances and operating capacities.
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Fig. 8. Vector diagram of u,, is, #s, and up in voltage compensation mode.

Fig. 9.

Block diagram of fundamental voltage control.

Fig. 8 shows the vector diagram in stationary and rotating
frames. u,; and u,o are the two possible solutions for the
output voltage vector u,. Correspondingly, u,1 and u o are the
two possible vectors for u,; 6, is the phase difference between
u,1(u,2) andi,. The radius of the desired voltage locus is equal
to u'el .
pce

It is noted that the vector u is possibly not constrained on the
desired voltage locus due to the existence of grid impedance.
Yet, the end of the vector u,.. should be controlled to travel on
the locus.

From the geometry and relationships of the vectors, the volt-
age reference can be calculated in the dg rotating frame. It is
clear that AP can be characterized by u,g4.ef according to (5).
In terms of u,qref calculated from bidirectional power balance
control, the g-axis reference u,4ror and the generated reactive
power AQ can be derived from (8) and Fig. 8 as

— 2
Uogref = + UGm

- (u{ﬂectc - uOdYEf)2 9)
AQ -
where ug,, is the amplitude of u.

Fig. 9 shows the block diagram of fundamental voltage control
using the positive solution of u,4.cf. Apparently, the existence
of . induces the reactive power interaction between the SVI
converter and the grid, which is used to regulate the amplitude of
Upcc. And there are also two solutions of u,4rer according to (9),
both of which can be applied in the fundamental voltage control
and determine the types of reactive power generated by the SVI
converter. Moreover, uqqrof can be adjusted automatically as
AP changes, and voltage vectors thereby are constrained in the
designed voltage locus without considering the grid impedance.
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TABLE II
PARAMETERS OF THE SYSTEM UNDER TEST OF 5 KW AND THE GRID
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TABLE III
PARAMETERS OF THE SVI CONVERTER

Parameter Value Parameter Value
L 1 mH Cr 100 puF
Ly 2mH L¢ 100 pH
Uiy 380V Cae 3000 pF
Switching frequency 10 kHz Switching frequency 10 kHz
Rated value of voltage at PCC . 311 V(1 pu) Rated value of ug. 200 V (1 p.u.)
Rated value of system current i 32A(1pu) Rated value of u, 31V

D. Control Process of the SVI Converter

To inject voltage perturbation into the system under test
successfully, four steps are designed in the SVI procedure.

1) Precharge: SVI converter is first connected in parallel
with the grid voltage. The SVI converter is blocked, and the grid
voltage charges the capacitor of the H-bridge by uncontrolled
rectifier mode. Then, the bidirectional thyristor is switched ON
to bypass the SVI converter from the system. And then the SVI
converter and grid-connected inverter are connected as Fig. 1.

2) Bidirectional Power Balance Control: The bidirectional
thyristor is switched OFF and the main circuit of the SVI con-
verter is connected to the system. Then, the bidirectional power
balance control is enabled. The g-axis reference uqyef 1S set as
zero, and the dc-voltage controller, the grid voltage, and current
controllers are used for regulating the dc voltage to the rated
value.

3) Fundamental Voltage Control: After the dc-side voltage
is stable, the g-axis reference is calculated in terms of (9) and
the reference u,,of is updated in real time.

4) Voltage Perturbation Injection: After the fundamental
voltage control, the perturbation voltage reference u,pyer 1S
given with the specific frequency in the range of 5-1000 Hz.
And the resonant frequency of MPR controllers is the same as
that of u,prer. After measuring the output current response of
the grid-connected inverter at the specific frequency, the given
perturbation frequency is changed and repeat the above steps.

IV. SIMULATION TEST

The semi-physical simulation tests are executed to verify the
effectiveness of the control strategy for the SVI converter pro-
posed in this article. The tests include the fundamental voltage
control strategy verification and output impedance measurement
of the grid-connected inverter and comparisons of the traditional
method and the traditional SVI method [18] are given. The
semi-physical test platform consists of the simulator RT-BOX,
which is applied to simulate the main circuit of the SVI con-
verter and grid-connected inverter, the digital signal processor
TMS320F28379 used as the controller to realize the proposed
control strategy.

The detailed parameters are given in Tables II and III, where
the parameters are specifically designed for an equivalent renew-
able energy generation system of 5 kW and the SVI converter.
The grid impedance L; is designed for 10% fundamental voltage
drop at PCC [38], the L, of L-filter is designed for suppressing
the current ripple, which is smaller than 10% fundamental
component of is [39], and the cutoff frequency of the LC-filter

316 u
—©—  With traditional control
q —y&—  With proposed control
315
314
Z 313f
g
2
£ 312
311
Attyce.max(jar)=4.3V
30f 7 (5%2)) Upee(j0) =311V
(rated value)
309
1 2 3
10 10 10
Frequency of the injected voltage/Hz
Fig. 10. Variation of ul(,gcu 0) in a stiff grid during voltage perturbation
injection.

(Ly, Cyp) is designed to be higher than 1000 Hz, which is the
maximum frequency of the perturbation injected by the SVI
converter. The capacitance of the dc-side capacitor applied in
the SVI converter (Cyq.) is designed for 1% voltage ripple in dc
side [40].

Fig. 10 shows the variation of ugfc wo) in the stiff grid. When the

fundamental voltage control is disabled, it can be seen that uI(,éEU o)

changes with the injected voltage frequency and ul()ﬁi” °) exhibits
considerable variation with the traditional method, which is in
consistent with the analytical curve of |Z;,, (s)| shown in Fig. 4.

(jwo)

In contrast, upec *~ remains around the rated value of 311 V with

the proposed method. The maximum variation of ugﬁgj ) is43V
with a perturbation of 5 Hz and the minimum variation of u{/*"°)
is 0.9 V with a perturbation of 800 Hz.

Fig. 11 shows the variation of ugﬁg’ 0) in a weak grid, where
Lg is 10 mH during the perturbation injection process. The

maximum variation of u}(,]cé” o) is 43.94 V with the perturbation of

40 Hz, 8 kW, and the minimum variation of u{)é;“” ©)is 0.3 V with
the perturbation of 300 Hz, 3 kW with the traditional method.

uéﬁf o) remains the rated value of 311 V with the proposed
method. It is clear that u}(fcé"O) changes more remarkably in the
weak grid according to Figs. 10 and 11.

Fig. 12 illustrates that the proposed method can control the
fundamental voltage at PCC to the desired voltage (e.g., 80% and

90% of the rated voltage at PCC) to simulate different values of

uéﬁf o) under variable grid conditions.
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Fig. 11. Variation of u,(,ff“ ) in a weak grid during voltage perturbation
injection.
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Fig. 12.  Proposed fundamental voltage control method for the desired voltage.

Fig. 13 shows the simulation test of the output admittance

measurement of the inverter in the weak grid. From Fig. 12, it
is clear that the amplitude of Yn(lf) with the traditional control
scheme exists the deviation mainly at 20-80 Hz, in which the
magnitude measurement errors are 3.2%, 4.3%, 4.4%, 5.0%,
and 3.6%, respectively. The impedance measurement errors are
mainly brought by the larger fundamental voltage variation in
the weak grid.

V. EXPERIMENTAL TEST

The experimental platform shown as Fig. 14 is used for the
frequency-scan test for a grid-connected inverter of 330 W, and
ITECH ac power supply is applied to simulate a stiff grid. The
inverter and SVI converter are managed by a TMS320F28379
digital signal processor. The data acquisition board USB5622
is applied to acquire the waveform data of upcc, is, and the
waveform data will be uploaded to the host computer for
impedance calculation and analysis. The effectiveness of the
proposed control scheme is verified by frequency-scan test for
grid-connected inverter. The detailed system parameters for the
scaled-down experimental test including the system under test
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Fig. 13.  Output admittance Ym(vs) measurement test for the inverter of 5 kW

in a weak grid.

Grid-connected inverter)

1] DC-input

Fig. 14.  Experimental platform for inverter of 330 W and SVI converter.

TABLE IV
EXPERIMENTAL PARAMETERS OF THE SYSTEM UNDER TEST OF 330 W

Parameter Value
Ly 2 mH
Uin 220V
Switching frequency 10 kHz
Rated value of up. (rms) 110V
Rated value of i (rms) 3A
IGBT module 1200 V, 25 A

of 330 W and the SVI converters are shown in Tables IV
and V.

In the experimental test, the rated current of the inductors
applied in the inverter (L,) and the SVI converter (Ly) is 15 A,
the rated voltage of L, and Ly is 1000 V, and the linearity of
the inductors is 90% in range of 0—15 A; the film capacitor of
ANWO CLA series is applied in LC filter of the SVI converter,
the rated voltage is 800 V (dc), and the tolerance is ==5%; and
the electrolytic capacitor of RMHCG FA series is applied in dc
side of the SVI converter, the rated voltage is 450 V (dc), and the
maximum working temperature is 105 °C. The IGBT modules
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TABLE V
EXPERIMENTAL PARAMETERS OF THE SVI CONVERTER

Parameter Value
Cr 20 uF
Lf 1 mH
Cae 3300 puF
Switching frequency 10 kHz
Rated voltage at PCC (rms) 110V
Rated value of ug. 65V
Rated value of u, 10V
IGBT module 1200V, 25 A
158
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= (100Hz)
g
ES 156.5 Lo —O—With traditional control
s Upeej wﬂ)._. ! 56' v —><—With proposed control
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156
Attpecmin(j @) = 0.9V
(40Hz)
155.5 RS =54
Upe(jan) = 155.5V (Rated value)
155 - ~
10 10 10
Frequency of the injected voltage/Hz
Fig. 16.  Variation of ur()gcw 0) during voltage perturbation injection.

of Infineon FS25R12W1T4 are applied for the inverter and the
SVI converter, the voltage tolerance is 1200 V, and the maximum
collector current is 25 A.

A. Experimental Test for the Proposed Control Method

Fig. 15 shows the experimental test of the proposed control
test verification. The harmonic injection voltage references are
the sinusoidal waveforms of which the frequencies are in the
range of 5 to 1000 Hz. The test waveforms of the voltage
injection in 5, 70, 500, and 1000 Hz are depicted in Fig. 15,
where up,.. and i, are the voltage at PCC and the system current
of the grid-connected inverter, respectively, uq. is the dc bus
voltage of the SVI converter, u, and i. are the output voltage
and output current of the SVI converter, respectively, is, and
isp are the output orthometric components of is generated by
the SOGI-PLL of the SVI inverter, respectively, and m;,,, and
Mgey are the modulation waves of the grid-connected inverter
and the SVI converter, respectively. It is seen that the ripples in
dc voltage are increased under relatively low-frequency pertur-
bation.

Fig. 16 shows the amplitude variation of the up.. with the
traditional control method and the proposed control method.

The maximum variation of ul()ﬁéu o) is 2.5 V with a perturbation

of 100 Hz and the minimum variation of ul(,é;”" ) is 0.9 V with
a perturbation of 40 Hz. And the amplitude of u}(,fzéu o) remains
around the designed value of 155.5 V with the proposed method.
Yet, the fundamental voltage amplitude is varied obviously with
the frequency variation of the injected voltage by the traditional

method.
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Fig. 18.  Output admittance Ym(\,s) measurement test for the inverter of 330 W.
Fig. 17 shows the total harmonic distortion analysis for per-

turbation in range of 5, 70, 500, and 1000 Hz.

B. Impedance Measurement Test for Grid-Connected Inverter

Fig

. 18 shows the experimental test of the output admittance

measurement of the inverter with the proposed method. The
analytical curves are drawn according to (2), and it can be
seen that the experimental test values are in consistent with the
analytical curves, which verifies the effectiveness of the SVI
converter for the impedance measurement.

VI. CONCLUSION

In this article, a bidirectional power balance control of a
single-phase SVI converter is proposed for the impedance mea-
surement of the grid-connected inverter. The theoretical analysis

of the

proposed method is verified by the experimental test, and

the following conclusions can be drawn as follows:

1y

In the case of the injected voltage perturbation with dif-
ferent frequencies at a range of 5-1000 Hz, the dc voltage
of the H-bridge module remains the rated value without
using an additional dc supply.

2)

3)

[1]

[2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]
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The proposed fundamental voltage compensation scheme
can control the amplitude of the voltage at PCC to any de-
sired values for evaluating the stability of the inverter with
variable operating capacities in the condition of different
grid impedances.

The accuracy of impedance measurement is not impacted
by the operating capacity of the inverter and the variable
grid conditions with the proposed method.
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