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Input Impedance Modeling and Verification of
Single-Phase Voltage Source Converters
Based on Harmonic Linearization

Han Zhang
Siqi Wu

Abstract—The impedance-based stability analysis of single-
phase voltage source converters (VSCs) emphasizes the precise
impedance modeling. Considering the complexity of dg-frame
impedance modeling and measurement, this paper proposes
a mirror-frequency impedance modeling and measurement
approach of single-phase VSCs in the stationary frame based on
harmonic linearization. First, the mirror frequency definition is
put forward and the dynamics of the second-order generalized
phase-locked loop considering the mirror-frequency effects is
validated by simulations. Next, the impedance model considering
the mirror-frequency effects and dc-link voltage control loops
is compared with the conventional one-dimension impedance
model and a mirror-frequency impedance measurement method is
presented, which are verified by experiments on the hardware-in-
the-loop platform. The results indicate that the mirror-frequency
impedance model considering the dc-link voltage control is more
accurate and better captures the cross-coupling dynamics of
VSCs. Finally, the different bandwidths of dc-link voltage control
loops and different capacitances are designed to study the impacts
of dc-link voltage control loops and ripples on impedance. The
experiments and impedance-based analysis illustrate that the
wider bandwidth of dc-link voltage control loops or the less
capacitance with high dc-link voltage ripple will expand the
frequency range of negative impedance in the low frequency.

Index Terms—Bandwidth, dc-link voltage control, dc voltage
ripple, impedance model, mirror frequency, single-phase source
voltage converter.

1. INTRODUCTION

LARGE number of voltage source converters (VSCs) have
been utilized in distributed generation, HVDC transmis-
sion, railway traction drive systems, etc. The interactions be-
tween numerous converters and power systems may cause some
unstable phenomena including harmonic instability, harmonic
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resonance [1]-[5], and vehicle-grid low-frequency oscillations
[6]-[11], which would damage the safe operation of power sys-
tems. Therefore, it is particularly essential to analyze the stabil-
ity of the power electronic converters-based systems. Because
the instability of systems mostly occurs at the interaction inter-
face between power electronics-based systems and power grids,
they can be equivalent to two independent subsystems, and the
whole system stability can be analyzed by the frequency-domain
impedance criterion [7]-[13].

Due to the periodic time variation of the stable operation point
of power electronic converters, the traditional small-signal mod-
eling method is not suitable for impedance modeling of power
electronic converter-based systems [12]. A feasible approach
for linearizing the nonlinear systems is to transform the sys-
tem model into a rotating (dq) reference frame, in which the ac
variables become dc quantities [8], [10]-[12]. For instance, dg-
frame impedance modeling approaches of single-phase VSCs
have been present in [8], [10], and [11]. But the limitation of this
method is that the control strategy needs to adopt dg current or
dq voltage controls, and stationary («3—) variables should be
transformed into rotating (dg—) variables. Even for single-phase
VSCs, it is necessary to construct a virtual 3 component for
Park’s transformation. In addition, the impedance measurement
in dg-frame involves Park’s transformation, and the perturbation
injection method is very complicated [8], [14].

Harmonic linearization is another method for linearizing
periodically time-varying nonlinear systems [3], [12], [18].
Cespedes and Sun proposed a sequence impedance modeling
approach of grid-connected VSCs based on harmonic lineariza-
tion [3]. Rygg et al. proposed a modified form of the sequence
impedance matrix and defined a mirror-frequency-decoupled
(MFD) system. Modified sequence impedance is proposed in
[15]. But Bakhshizadeh et al. validated that there exists the
couplings between the positive and negative sequences even in
balanced systems due to the phase-locked loop (PLL) [16]. How-
ever, in [3], [15], and [16], the dc-link voltage control and the
dc-link voltage ripple are both neglected, and the frequency cou-
plings between the positive and negative sequences are neglected
too. Zhang et al. present two kinds of single-input single-output
(SISO) impedance models of a grid-connected VSC: the reduced
SISO model and the accurate SISO model [17]. But for the
reduced SISO model, the system must be dg symmetric and the
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Single-phase converter with the SOGI-PLL and the voltage and current

two models are established in three-phase systems. There is no
sequence impedance in single-phase VSCs. Therefore, Shah and
Parsa established a two-dimension admittance model of single-
phase VSCs, capturing the cross-coupling dynamics but neglect-
ing the input voltage ripple components [18]. For single-phase
VSCs, which are highly dg asymmetry, there is no effective
impedance modeling and measurement method in the phase do-
main. The dc-link voltage control and the different bandwidths
of voltage control loops of three-phase VSCs are analyzed in
dg-domain, which proves that the dc-link voltage control loops
and their bandwidths are critical for impedance-based stability
analysis [19]. Consequently, for accurate impedance modeling
of single-phase VSCs, it is necessary to consider the impacts of
the dc-link voltage control loop and ripple on impedance.

The impedance model in [6], neglecting the dc-link voltage
control, may lose some accuracy in impedance-based stability
analysis. In this paper, the single-phase VSC of China Railway
High-speed 3 (CRH3) electric multiple units (EMUs) with the
voltage and current control is taken for instance, and a mirror-
frequency impedance modeling and measurement method of
single-phase VSCs based on harmonic linearization is devel-
oped. The rest of this paper is organized as follows. Section II
describes the single-phase VSC and define the concept of the
mirror frequency. Section III gives the impedance response
of the second-order generalized integrator-PLL (SOGI-PLL)
at mirror frequencies and establishes a conventional SISO
impedance model and a mirror-frequency impedance model
considering the dc-link voltage control, respectively. Section IV
introduces an input mirror-frequency impedance measurement
method. Experiments are made on the hardware-in-the-loop
(HIL) simulation platform to verify the proposed impedance
model, and the errors are discussed. Section V analyzes the
effects of the different voltage control loop bandwidths and dif-
ferent dc-link voltage ripples on impedance response. Section VI
concludes this paper.

II. MIRROR FREQUENCY DEFINITION

Fig. 1 shows a schematic diagram of a single-phase VSC with
the SOGI-PLL and the voltage and the current control. The phase
voltage is denoted as v,, while the phase current is denoted as
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Fig. 2. FFT spectrum of ac currents.

is. R4 and L, denote the equivalent resistance and inductance of
the traction transformer, respectively. R, denotes the load and
C, denotes the dc-link capacitor. vy denotes the output voltage.
fp L denotes the phase derived by the SOGI-PLL. m denotes
the output modulation signal of the current control loop.

To establish a small-signal model or measure the ac-side
impedance of the system, a small-signal voltage or current per-
turbation is usually injected into the ac system [8], [20]-[22].
Based on the simulation results, it is found that after a volt-
age perturbation v,; = V), cos (27 f,,t) is injected into the ac
side of the single-phase VSC, the ac current always generates
the components at frequency f, and 2f, — f,,, where f; is the
fundamental frequency. In this paper, the voltage source pertur-
bations at frequency f,1 = 5Hz, f,» = 45Hz,and f,3 = 70Hz
are injected, respectively. The fast Fourier transformation (FFT)
spectrum analysis of the ac currents is drawn as Fig. 2.

In Fig. 2, the ac current components at frequencies fl’,1 , f];Q,
and f]’,g are newly generated and correspond to the current com-
ponents at f,1, fp2, and f,3, respectively. The frequencies of the
currents, newly produced, are equal to 95, 55, and 30 Hz and
consistent with the theoretical results. Therefore, when the in-
jected signal frequency is f, 4 fi, the corresponding signal fre-
quency is f, — fi. The signals at frequency f, + fi and f, — fi
are mirror-frequency signals and symmetric about the funda-
mental frequency f; in single-phase VSCs. The phenomenon
has been explained in [18] and [22]. For clarity, in this pa-
per, the signals at frequency f, + fi are called as “positive-
mirror-frequency” signals and the signals at frequency f, — fi
are called as “negative-mirror-frequency” signals. The subscript
“p” denotes the “positive-mirror-frequency” signals and the sub-
script “n” denotes the “negative-mirror-frequency” signals. The
reasons for appearance of mirror frequencies are caused by the
convolution of the dc-link voltage ripple and the modulation
signal, which will be explained later.

III. CLOSED-LOOP IMPEDANCE MODELING
A. Signal Definition

To establish a small-signal model of the VSC, a small voltage
perturbation is usually injected into the ac side. In this paper,
a small-signal voltage perturbation v, = V,cos[2n(f, + f1)t +
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Fig. 3. Diagram of the SOGI-PLL.

0, is injected into the ac side of the single-phase VSC. Based
on Section II, the mirror frequency of f, + fi is f, — fi. There-
fore, in the time domain, the phase voltage v, and current i,
considering the mirror frequency, are written as

vy = Vi cos(2m fit + 0,1) + V, cos[2m(f, + f1)t + 0]

+ an COS[27T(fp - fl)t + 91:71,] (1)
is = Il COS(27Tf1t + 971) + Ip COS[??T(f], + fl)t + 9,41,]
+ I, COS[27T(fp + fl)t + ain} (2)

where V; with 6,1 corresponds to the magnitude and phase of the
fundamental voltage at frequency f;.V,, with 8, corresponds to
the magnitude and phase of the positive-mirror-frequency volt-
age perturbation at frequency f, + f1.V}, with 6,,, corresponds
to the magnitude and phase of the negative-mirror-frequency
voltage perturbation at frequency f, — fi. The current defini-
tion follows the same notation.

Considering the output dc-link voltage ripple, in the time
domain, the dc voltage is written as

vg = Vg + Vg cos(2m fyt + 64p) 3)

where V}; corresponds to the magnitude of the dc-link voltage
at frequency 0 Hz. V3, with 64, corresponds to the magnitude
and phase of the dc-link voltage ripple at frequency f,,.

Based on harmonic linearization, (1)—(3) can be written as
frequency-domain equations

Vi,f==h

Vilfl =1 Voo f = £(fp + f1) “
V’nraf:i(fp_fl)
I, f=%f

Lf) = L. f=+(f, + /1) )
L, f=%(f,— f1)
Vi, f=0

Vd[f]_{vdp,f:ifp (6)

where Vi =(V1/2)e*%1, V, = (V,/2)e 0, V, = (V,,/2)
e*7%n and others follow the same notation [3], [18].

B. SOGI-PLL Modeling

Fig. 3 shows the diagram of the SOGI-PLL to track the phase
of the phase voltage v, [8], [10], [18], [23]. The voltage v,
is aligned with the phase voltage v,. The voltage v, lagging
v 90°, is generated by the SOGI. w1 = 27 f; is the fundamental
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angular frequency. Due to the voltage perturbation in v, in the
time domain, voltage v, and vs can be written as

Vo = Vi cos(2m fit + 0y1) + Vay cos2m(f, + f1)t + Oayp]

+ ‘/an COS[27T(fp - fl)t + oan} (7)
vg = Visin(2wfit + 0,1) + Vp, cos2r(f, + f1)t + 03]
+ Vg cos2n(fy — fr)t + Osn]- ©))

The transfer functions from v, and vs to v, are deduced as

Va(s) kwi s
H = =
« (8) V;(S) 82 + kwls + w% (9)
Vs (s) kw?
H/ e 4 = . 10
5(5) Vi(s) 82 +kwis+w? (10

Substituting (9) and (10) into (7) and (8), the frequency-
domain expressions of v, and vj are

"/laf:ifl

Va[f]: ‘/(rp:%H(y(3+.]w1)7f::|:(fp+fl) (11
Van :%Ha(s_jwl)af:i(fp_fl)
q:jvia.f:ifl

Vs(fl = Vip = VyHy(s + jwr), f =£(f, + 1) (12)

V(J‘n = ‘./n,H{)’(S _.jwl)af = :t(fp - fl)

Since the single-phase system is unbalanced in the phase do-
main, there exists a phase deviation Af = fp 1 — 01, for solving
the nonlinearity in Park’s transformation, the Park’s transforma-
tion from a/3-frame to dg-frame can be divided into two parts as

cos(fprr, — 90°)

— Sin(epLL — 900) COS(QPLL — 900)

sin(é)pLL — 900)
Tyq/ap(OpLL) = l 1
B [cos(Ql —90°)

sin(91 — 900)
—sin(#; — 90°)

cos(f; —90°)

cos Af
—sin A6

sin A@

13
cos Af (13)

where 01 = 27 f1t is the phase of the phase voltage v, which
neglects the influence of the PLL dynamics. And —90° ensures
the d-frame component be equal to the amplitude of the ac
quantity [8]. Without considering the PLL dynamics, the output
voltage in the dg-frame is solved as

Vdu | cos(fy —90°)  sin(6; —90°) | | v,
Vgu | | —sin(@; —90°) cos(f; —90°) | |vs

] (14)



ZHANG et al.: INPUT IMPEDANCE MODELING AND VERIFICATION OF SINGLE-PHASE VSCs BASED ON HARMONIC LINEARIZATION

where the subscript “u” denotes the voltage-frame variables.
Substituting (7) and (8) into (14) yields

Vgu = V1 cos 0,1

Va
+ TP[COS(Qﬂ'fpt—‘rQTI'flt-i-eap)+COS(27Tfpt+9ap)]

an

+ VT[cos(27rfpt—|—9w)+cos(27rfpt — 21 f1t+04y)]

Vi
+ %[Sin(Qﬁfpt—&—Zwﬁt—i—H@‘p) —sin(27 f,,t+03,)]
Vvﬁn . .
+ N [—sin(27 f,t =27 f1t+03, ) +sin(27 f,t+03, )].
15)

Different from [18], the second-order harmonic elements
at frequency f, £2f; are considered in (15) for more precise
modeling. And through the Fourier transform, it is rewritten as

VicosOyi, f=0

Vap + V(m, =+ jvﬂp + j‘l/ﬁn,

2 7f - :l:fp
Vlfl =4 ¢ . (16)
Vo \%
Zr TI f— (S, + 2f1)
Van :l:JVdn

ST =~ 21h).
The linear response of Af is given by [3], [18], and [23]

A0 =Tpr1,(s) - Vou(s) (17

% and Hpy1,(s) is a loop com-

where TPLL (S) =
pensator.
The frequency-domain expression of cos (6py)

sin (fpr) are listed as follows:

and

cos(fprr)[f]

1 1.

5 + 5] COSGWl,f = ifl

:l:Z]TPLL (3)(‘/(1[) + ‘/(wz, i.]Vﬁp q:]Vﬂn)

— $iijLL(8:|:j47Tf1)(Vap ?]Vgp),f:i(fp"‘fl)

:FZ]TPLL (3)<Vap + Van ij‘/ﬁp :FjV/fn)

1 . .
iZjTPLL(S F ja4r 1) Van ijvﬁn)a f= i(fp - fi)
(18)
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Fig. 4. Modeled and measured response of cosfpr, and sin fpyy .

Fig. 5.

Block diagram of the voltage and current control.

sin op LL [f]

1. 1
:F§] + icosgvlvf = ifl
1 ) ) » »
ZTPLL (3)(‘/017 + Van ijvﬁp :F]Vﬁn)
1 . . .
= +ZTPLL(Si]47Tf1)(VZyp FiVep)s f==£(fp + f1)

ZTPLL (3)(Vap + Van ijVSp :F]Vﬁn)

1 . .
JFZTPLL(S Fgan f1)Van £5Van), f = £(fp, — fL)-
(19)

To validate the response of cosflp . and sin fpr; in the fre-
quency domain in (18) and (19), the modeled and measured re-
sponse of cosfpr 1, and sin fpr 1. at frequency f, £ fi are plotted
on four sub-Bode diagrams in Fig. 4. The red lines and the blue
circles denote the modeled and measured response of cosfpy
and sin fpp 1, respectively. The results show that the measured
response matches well with the modeled response. Therefore,
the modeling approach of cosfpr; and sin fp at the positive
and negative-mirror frequency is precise.

C. Voltage Control and Current Control

The single-phase converter of CRH3 EMU s utilizes the volt-
age and current control, which is illustrated in Fig. 5. The
current control adopts the proportional controller. The volt-
age control uses the proportional—integral (PI) controller, which
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ensures the constant dc-link voltage. But there is a small dc-link
voltage ripple, the frequency-domain expression of the output
of the dc-link voltage control 100p Zgef 1S

I [‘ﬂ Irefa f =0 (20)
dref =

—Valf1H,[f], f==£f,
where I is the reference for the input current. H, = K, +

K,; /s is the transfer function of the voltage control loop.

First, from the block diagram in Fig. 5, the time-domain
expression of the output of the current control loop m can be
written as

m = V/d{vs -sin Opry,

ey

— ddref - W1 Ly - cOSOpLL, — fdrer - Fs

— Dgp - Z’dlref . SinHPLL + Kz'p : zs}

By Fourier transform, in the frequency domain, (21) is rewrit-
ten as (22) as shown at the bottom of this page.

D. Closed-Loop Impedance Modeling

First, as the circuit topology depicted in Fig. 1, the time-
domain circuit equation can be written as

vs—<Rs~z’3—|—LSCZ:> =m-vg
(23)
. Vg Odvd
m-zg:—
ST Ry T Vdt

Then, based on harmonic linearization [20], [24], at frequency
f, the frequency-domain expression of (23) can be written as

Velf] = (Rs + 27 f L) L[f] = M [f] @ Valf] 24

M [f]® L[f] = (1/Ra + j2m fCa) V[ f]
(25)

where “®” denotes the convolution symbol.
In Case 1, the dc-link voltage ripple and the mirror-frequency
coupling effects are neglected. Equation (22) is rewritten as

Measer[f]
Va{Vilf] + KipIs[f] + w1 Lg Lot cos Opry[f]

+ (Rs + Kip) Lt sinOpri [ f]}, f = £f1
Vil Vi f] + KipLs[f] — wi Ls (Let cos Oprr [f])

— (Rs + Kip)(Ler sinOpr [f1}, f = £(fp + f1)
Va{Vilf] + Kip Is[f] — w1 Ly (Lrer cos Opri [ f])

— (Rs + Kip)(Liet sinOprp [f]}, f = £(fp — f1)-

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 9, SEPTEMBER 2019

Substituting (26) into (24), at the positive-mirror frequency
fp + f1. (24) is rewritten as

V)" = [Bo+ 521 (fy + )LL) = Messen [y + AilVa
= VaVa{V,} + Kip I} — wi Ly Let cos[f, + f1]

— (Rs + Kip) Lier sin[f, + f1]}
where the superscripts “+” and “—" mean that each frequency-

domain variable is derived at the positive and negative fre-
quencies. For instance, V+ = (V,/2)eti%, f=+(f, + f1),

V‘ (V,/2)e” 30up andf— (fp + f1).
Substltutlng (18) and (19) into (27), the positive-mirror-
frequency impedance Z,,,..s.1 can be deduced as

27

; +

prl [R + .727T(fp + fl)L + Vdv;iKm]/

p
1. .
{1_‘/;1‘/;1 +V£l‘/;1wl LsIref 1.7 (TPLL (s)[Ha (8+,7w1)

+jHp(s + jwi)] — Tprr (s + jam f1)[H,

. . 1
- ]Hﬂ (5 +]W1)]) + V,d‘/d(Rs + Kip)IrcfZ

X (TeLw (s)[Ha (s + jwi) + 3 Hp(s + jwi)]

a(s 4 jwr)

+ Tprr (s+j4n fi) [ Ho (s+jwr) — JH/&(S“‘JWI)])}-

(28)
At the negative-mirror frequency f, — fi, (24) is rewritten as
Vi =Ry + j2n(fy = ST = Measenfy, — 1]V
= ViV Vi + KWI;r w1 LsLier cos(f, — f1]
— (R + Kip)Ler sin[f, — fi]}. (29)
Substituting (18) and (19) into (29), the negative-mirror-
frequency impedance Z,,,,.qs.1 can be deduced as
v,
It

Znnl - - [R9 +].27-(-(]0[) - fl)Ls + V;]Vde]/

1. )
{1 - V/dV:i - Vﬁi‘/dwlLsIrefZJ(TPLL (s)[Ha (s_]wl)
—Tprr(s — jan fi)[Ha (s — jwr)
. ) 1
+JH/3(S - ]wl)b + V:i‘/d(Ré + Kip>lref1
X (Terw(s)[Ha (s — jw1) — jHp(s — jwi)]

— jHj(s = jwn)]

+ TprL(s—j4m f1)[Ha (s— ]w1)+JHB(8—Jw1)])}

(26) (30)
Vi{Vilf] + Kip L [f] + w1 Ly Ler cos Opri [f] + (Rs + Kip ) e sinOpr1 [ 1}, f = £/
Vi{Vslf] + Kip I [f] — w1 Ls (Lrer cos Opry [ f] + Laver[£f,] cos OpLL[£f1])
M[f] = —(Rs +Kip)(Irof sin Oprr[f] +Idrcf[:tfp]SingPLL[ifl])},f: :l:(fp + f1) (22)

Vil Vil f] + Kip L[ f]

— W1 Ls (Iref COS GPLL [f] + Idref [ifp] COoS GPLL [:F.fl])

—(Rs + Kip) (Lt sinOprr[f] + Lavet [£fp] sinOprr [F 1))}, f = £(f, — f1)
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In Case 2, the dc-link voltage ripple and the mirror-frequency
effects are both considered. Due to the complexity of the
impedance calculation, the detailed deduction is omitted in
this section and will be provided in the Appendix. The mirror-
frequency impedance are listed as (31)-(34) as shown at the
bottom of this page.

In Case 2, the mirror-frequency impedance Z,,, is a second-
order matrix, which includes the cross-coupling elements Z,,,»
and Z,, 2. In Case 1, the mirror-frequency impedance only con-
tains two diagonal elements Z,,; and Z,,,;. Without consider-
ing the mirror-frequency and the dc-link voltage ripple effects,
the system is a SISO system. In contrast, considering the mirror-
frequency and the dc-link voltage ripple effects, the system is
a multiple input multiple output (MIMO) system. The cross-
coupling impedance does not have a deep physical meaning
but reflects the relationship between the positive and negative-
mirror-frequency signals.

Actually, considering the high-order harmonic elements in
single-phase VSCs at positive-mirror frequency, (24) can be
rewritten as

V;r — [Rs + 527 (fp + fl)LS]I';r

= M([f, +hfi]Val(1 = h) i] + M[(1 — ) f1]Va[fp + hfi]
(35)

where “h” is an integer. In this paper, the second-order harmonic
elements are overlooked and (35) is simplified as

VE— Ry + j2n(f, + f1) LI, = M[f, + f1]Va[0]

+M{[f1]Valfp]-

Although V;[f,] is a small-signal variable compared with V,
it should be considered in (25), which can be deduced as

(1/Rd+j277fp0d)v;i[fp] M[_fl]Is [fp+f1]

(36)
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represent the signal flow between any two variables. For exam-
ple, in Fig. 6, it can be observed that, there is a path from the
voltage V(s + jw; ) to the current I, (s + jw; ). Besides, there
is another path from the modulation signal M (s =4 jw;) to the
current (s + jw; ), and there is a path from the dc voltage per-
turbation V (s) to the modulation signal M (s 4 jw; ). Many fre-
quency cross-couplings are generated in the single-phase VSC.

IV. IMPEDANCE MEASUREMENT AND VERIFICATION
A. Impedance Measurement Method

A perturbation injection approach based on frequency scan-
ning is a popular method in impedance measurement [8], [14].
For one-dimension conventional impedance [18], [26], [27],
the input impedance is the ratio of the perturbation voltage
and the response current at the same frequency. For the de-
coupling sequence impedance has the same definition [15]. But
for the mirror-frequency impedance, a voltage perturbation will
produce two different response currents at mirror frequencies.
Therefore, two independent voltage perturbations v,;; and v;»
should be injected into two same systems, respectively, as de-
picted in Fig. 7. The ac small-signal variables V1, Vs, I, and
I, are derived by FFT for impedance calculation.

The expressions of the two independent voltage perturbations

Lf, — fi]l= — are written as
e — Al MIfi] MIfi] Vool et O]
) = cos|2m + —+ 0,
- Ml nlh] M AL {pﬂfm@(;;ﬁ+f] oY
M[fl] M[fl] Upt2z = Vn T\Jp 1 un |-
(37 Referring to [8], [15], and [21], the two perturbations yield
where I,[f, — fi1] is the mirror-frequency current of I,[f, + V+1 Zyy  Zopm ]+1
f1]- Equation (37) gives the newly generated current I, [f, — f1] Vp e I I.i (39)
through the formula deduction. The signal flow can help us visu- nl npo s nl
ally understand the flow of the small-signal perturbation through vt 7 7 it
. . . p2 | _ pp pn p2
converters and frequency cross-coupling among different vari- ( o ) = (Z 7 ) < oy ) . (40)
ables [18], [25]. The nodes represent the variables, and the lines Vi np nn 1,
7 2:f@+fmu;+ﬁﬂ4+v%me+(wBy+M?VGUUQKm+Nq) 1)
m 1—V4Vy — VyAs — (VyBy + M) JGUT VY + I Ay + I As)
n2 — 0 - 0 0
LV — VA — (VaBy + M) GV + I A + I} As)
L=V = Vg Ag — (B + M) )G VY + I Ay + I} Ag)
nn2 —

1—ViVy —VyAg — (BoVy + M) /G VY 4 I7 Ay + I Ag)
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Fig. 8. Mirror-frequency impedance calculation procedure.

With the combination of (39) and (40), the mirror-frequency
impedance calculation formula are listed as follows:

Z7l]) Zn/’l Vnﬁ V’VLJE I;l I;’Q
To make sure that (31) holds, [V;{,Vnﬁ]T and V5, Vi ]T
are linearly independent, [17, 151" and [I;, I)},]", too [28].

Some signals are defined in the negative frequency domain in (4)
and (5), etc. The negative frequency means that the frequency
is lower than 0 Hz. However, there is no negative frequencies in
the actual system. Thus, the frequency of voltage perturbation
Upe2 is actually the absolute value of f,, — f;. The impedance
calculation formula should be discussed according to the size
relationship between f, and fi. In (4), (5), and other formulas
and definitions, it is found that the signals in opposite frequency
are conjugate complex numbers. Therefore, this paper designs
a mirror-frequency impedance calculation method, as depicted
in Fig. 8.

In Fig. 8, time-domain variables are transformed into
frequency-domain variables by FFT. The superscript “x” rep-
resents the conjugate operator. When f, < fi, the mirror-
frequency impedance calculation follows the procedure in the
left dotted-line frame. When f, > f;, the mirror-frequency
impedance calculation follows the procedure in the right dotted-
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NI-PXI Target VAUV
Real-time Simulation - - Host
system - Computer

TMS320F28335
Controller

Fig. 9. HIL simulation platform.
TABLE I
PARAMETERS OF SINGLE-PHASE VSC

Number Parameters Value
1 Equivalent resistance Ry/Q 0.145
2 Equivalent inductance Ly/mH 2.3
3 Fundamental frequency fi/Hz 50
4 DC-link capacitance Cy/mF 3
5 Load R/Q 50
6 Switching frequency f/Hz 350
7 output constant voltage V4/V 3000
8 Proportion gain of current controller K;, 30
9 Proportion gain of SOGI k 1.414
10 Proportional gain of Hpri(s) KypLL 0.9848
11 Integral gain of Hpi(s) KipLL 1063.2
12 Proportional gain of voltage controller K, 0.01
13 Integral gain of voltage controller K. 10
14 Amplitude of voltage source V,/V 2191.7
15 Sampling frequency f../kHz 20

line frame. The final impedance calculation formula of Z,,,, in
the two conditions, adopts (41).

B. Impedance Verification

In order to verify the mirror-frequency impedance modeling,
measurement and calculation approach proposed in this paper,
experiments are performed correspondingly based on the HIL
platform, as shown in Fig. 9. The model of the single-phase
converter is developed in the electromagnetic transient simula-
tion software StarSim and runs on NI-PXIe-FPGA-7868R based
real-time HIL system with the time step of 1 ps [29]. The cur-
rent and voltage controllers are implemented a TMS320F28335
DSP and the sampling frequency is set as 20 kHz. The green
terminal board contains many IO channels, connecting the HIL
simulation system to the controller DSP. The oscilloscope mea-
sures the output dc voltage of the single-phase converter. The
graphical user interface of the host computer shows the ac and dc
voltages and currents, and it can display all the relevant data and
measurements of the system. Parameters for these experiments
are provided in Table I.

The bandwidth of the PLL is set as 500 Hz, higher than the
switching frequency. The magnitudes and phases of the modeled
and measured impedance are plotted on four sub-Bode diagrams
in Fig. 10. The blue lines denote the modeled impedance in
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Fig. 10. Modeled and measured impedance in Cases 1 and 2.
TABLE II
PARAMETERS OF DC-LINK VOLTAGE CONTROLLERS
Number Parameters Value  Bandwidth
1 Proportional gain of voltage controller Ky, 0.1 16 Hz
2 Proportional gain of voltage controller K, 1 75 Hz
3 Proportional gain of voltage controller Kp3 10 310 Hz
4 Proportional gain of voltage controller Ky, 20 445 Hz
5 Integral gain of voltage controller K. 10 16 Hz
6 Integral gain of voltage controller K.i» 10 75 Hz
7 Integral gain of voltage controller Ky 10 310 Hz
8 Integral gain of voltage controller Kyis 10 445 Hz

Case 1, including Z,,; and Z,,. The red lines denote the
modeled impedance in Case 2, including 7,2, Z,,,2, Z,,2, and
Znn2. Eleven perturbation frequencies f, among [1 Hz, 100 Hz]
are selected to fulfill the impedance measurement. The black
circles denote the measured impedance.

The results show that the measured impedance response is
matched well with the mirror-frequency impedance in Case 2,
which validates that the mirror-frequency impedance model-
ing approach is accurate. The impedance without considering
the mirror-frequency effects and the dc-link voltage ripple do
not match well with the measured impedance, which reveals
that there are some errors among the impedance modeling with-
out considering mirror-frequency effects. Besides, the measured
impedance Z,3 and Z,,,3 proves that the cross-coupling ele-
ments exist and should not be neglected. It can be observed
that the dc-link voltage control loops and ripples result in the
frequency cross-couplings in single-phase VSCs.

V. EFFECTS OF BANDWIDTH OF DC-LINK VOLTAGE CONTROL
Loor AND DC-LINK VOLTAGE RIPPLE ON IMPEDANCE

A. Effects of DC-Link Voltage Controls Loops with Different
Bandwidths on Impedance Response

To investigate the impacts of the dc voltage control loops with
different bandwidths, the mirror-frequency impedance model is
analyzed with four sets of dc voltage controller parameters. The
integral gain K,,; remains unchanged, the bandwidth increases
as the proportional gain K, increases. The other parameters
are same. Table II provides the parameters of the dc voltage
controllers. The parameters of the current controller is same as
those in Table I.
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Fig. 11.  Modeled impedance with different bandwidths.

In Fig. 11, the blue, red, yellow, and purple lines correspond
with the impedance with different bandwidths 16, 75, 310, and
445 Hz, respectively. The four elements of the mirror-frequency
impedance matrix are all plotted on the frequency range from
1 to 10* Hz. The black dotted line indicates that the phase is
90° or —90°. When the phase is more than 90° or less than
—90°, there arises a negative impedance. It can be concluded
from Fig. 11 that, as the bandwidth increases, the frequency
range of the negative impedance expands. It can be seen that
the frequency range of the negative impedance Z,,, is from
1 to 100 Hz. The frequency range of the negative impedance
Zyp1 s from 1 Hz to several hertz. Similarly, the impedance
Znn4 owns a wider frequency range of the negative impedance
than Z,,,,3, Z,n2, and Z,, 1. The magnitudes of the positive and
negative-mirror-frequency impedances Z,, and Z,, increase
with the increase in frequency. The magnitudes of the cross-
coupling impedance Z,,, and Z,,, decrease with the increase in
frequency. The bandwidth of the dc-link voltage control loop is
wider, and the magnitudes of the cross-coupling impedance are
larger. Besides, the magnitudes of the cross-coupling impedance
are large enough and cannot be neglected. Therefore, the mirror-
frequency impedance matrix cannot be diagonalized.

In summary, the wider bandwidth of the dc voltage controllers
lead to a wider frequency range of the negative impedance
and a higher magnitudes of the cross-coupling impedance. The
negative impedance in the low frequency may cause the low-
frequency oscillations [8], [9], [11]. The voltage source utilizes
an ideal voltage source with no inner impedance, so the sys-
tem is stable. The impedance-based stability will be analyzed in
detail in future work.

B. Effects of DC-Link Voltage Ripple on Impedance Response

The dc-link capacitance plays a critical role in decreasing
the dc-link voltage ripple. Four experiments with four sets of
capacitance values Cy; = 50 mF,Cy = 9 mF, C; = 6 mF, and
Cy = 3 mF are made in this section based on the HIL platform
in Fig. 9. The ac-side voltages and currents and dc-side voltages
of four experiments are shown on Fig. 12. Chart 0, Chart 2, Chart
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Fig. 14. Modeled impedance with different capacitances.

1, and Chart 3 correspond to C; = 50 mF,C; =9 mF,C,; =
6 mF, and C; = 3 mf, respectively. The dc-link voltage ripples
of the four experiments are all plotted in Fig. 13.

It can be observed in Fig. 14 that the larger is the dc-link
capacitance, the less is the amplitude of the dc-link voltage
ripple. The modeled impedance with the four sets of capacitance
are plotted on four sub-Bode diagrams in Fig. 14. The blue,
red, yellow, and purple lines correspond with Cy = 3 mF, Cy =
6 mF,Cy; =9 mF, and C; = 50 mF, respectively. It can be
observed that the frequency ranges of negative impedance Z,,
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sorted from the largest to the smallest are 2,1, Z,p2, Zpp3, and
Zyps. And the frequency ranges of negative impedance Z,,,,
sorted from the largest to the smallest are Z,,,,1, Znn2, Znn3,
and Z,,,,4. It can be concluded that a large dc-link capacitance
can help decrease the frequency range of negative impedance
and stabilize the system. The magnitude of Z,,,; is higher than
Zpn2s Zpn3, and Zp,4. And the magnitude of Z,,; is higher
than 7,2, Z,p3, and Z,,,4. As the capacitance decreases, the
magnitudes of the cross-coupling impedance increase.

VI. CONCLUSION

This paper focuses on the impedance modeling of single-
phase converter systems in the stationary frame, with
consideration of the voltage control loop, SOGI-PLL, and
mirror-frequency effects. The simulations on the HIL verify the
accuracy of the model and the measurement. Some conclusions
are drawn as follows:

1) The mirror-frequency impedance modeling method based
on harmonic linearization is valid and accurate for single-
phase converter systems considering the voltage control
loop and SOGI-PLL

2) The mirror-frequency impedance matrix of the single-
phase systems is nondiagonal. The coupling elements
are the same order magnitude as the diagonal ones. The
single-phase system is a MIMO system. The mirror-
frequency model can capture the cross-coupling dynam-
ics.

3) The dc-link voltage control loop and ripples can change
the impedance and cannot be neglected in impedance
modeling. The wider bandwidth of the dc-link voltage
control loop or the less dc-link capacitance can cause the
wider frequency range of the negative impedance. The
bandwidth of the dc-link voltage control loop is larger
or the dc-link capacitance is less, the magnitudes of the
cross-coupling impedance are larger.

APPENDIX

Substituting (18)—(20) into (22), the modulation signal M|f]
at frequency f, + fi is deduced as

Measealfy + 1] = ViVF + ViKi, IF + ViV, (—jwi L,
— Ry —Kip) Liet Trrr (s)[Ha (s+jwi )+ Hp (s + jwi)] /4
+ ViV,F (jwr Ls — Ry — Kip) Let ToLL (s + j4m f1)
X [Ho (s + jwr) — jHp(s + jwr)]/4
+ VJVH (—jwi Ly — Ry — Kip) Lot TrrL(s)
x [Heo (s = jwr) — jHs(s — jwi)]/4+ 0.5V H, [f,]

X [(14 jcosby1)wi Lg + (cosb,1 — 3)(Kip + Rs)]Vd‘;
(42)
Assuming

Ay =Vij(—jwiLs — Ry — Kjp) Liet T (8)[Ha (s + jwi)
+ jHp (s + jwi)] /4 + Vi(jwr L — Ry = Kip ) et Tprn
X (s +jan f1)[Ha (s + jw1) — jHp (s + jwi)]/4 (43)

Ay =Vj(—jwi Ly — Ry — Kp) Liet TprL () [Ha (s — jwr)
— jHp(s — jwi)]/4 (44)



ZHANG et al.: INPUT IMPEDANCE MODELING AND VERIFICATION OF SINGLE-PHASE VSCs BASED ON HARMONIC LINEARIZATION 8553
g _ Bt g2n(fy + H)Ls + ViVaKy + (VaBy + M) /G ViKiy + M) 56)
_cased — 0 0 0 <
" 1= V)V — VaAs — (VaBy + M) /G V) + Iy A + 1} As)
P T VIV, — VyAy — (VaBy + My )G VI + I As + I As)
(B2Va + My ) /Gy ViKyy + M)
an,case4 = , D " O T (59)
1-VVg = VyAs — (BoVa + M) /G V] + I7 Ay + 1] Ag)
p _ Ry 4527 (f, = f)Ls + ViVaKiy + (BoVa + My ) /G Vi Ky, + M) 60)
nn_cased — T 0 0 D
1= ViVy = ViAs — (BoVy + My) /G V] + 17 Ay + I Ag)
) Ll Solving (52), it can be rewritten as
B, = O5VYdHU fp 1+ .7 COs ei;l)wlLs . . . . .
: _ji-p. _ft + i
+ (cos b, — ) (K + Ru)). sy VRt mf,Co= Iy B =1 BV, =V, (Vi
ITAs + 17 As) + VIV + DA+ T A
Equation (42) can be rewritten as A 1 As) + VI Ve I As o+ 1 Ag)
. . . . + [T (I VK + M) + I (I VK, + M), (53)
Mcase4[fp+f1] — Vd/‘/;&- +Vd/KipI; +A3‘/;)+ +A4Vn+ p \*1 Vd+rip 1 v \F1 Vdtrp 1
. Assumin
+ By, (46) : o
G = (1/Ry+ j2rf,Cqy — I; By — I] By). (54)

Substituting (18)—(20) into (22), the modulation signal M|f]
at frequency f, — fi is deduced as

Meases [fp - fl] = ‘/d/‘/r;L + V;i,Kthi + Vd/Ver (jwlLs
— Ry —Kip) Lt TorL () [Ha (s+jwi) + jHp (s + jwi)] /4
+ ViV (jor Ly — Ry — Kip) Lot Tors (s)[Ha (s — jwr)
— jHs(s—jwn)]/4+ViV,! (mjwi Ly — Ry~ Kip) Lret To,
x (s—jdm f1)[Ha(s—jw1) +jHs(s—jw1)]/4 0.5V Hyp
X [(1 = jcosby1)wi Ls + (cos b1 + 7)) (K + R,S)]‘./d;.
47)

Assuming

As = Vj(jwiLs — Ry — Kip) LetTprn (8)[Ha (s + jwi)
+jHp(s + jwi)]/4

Ag =Vi(jur Ly — Ry — K;p) LietTp1r (8)[Ho (s — jwr)
— jHg(s—jw)]/4+Vj(—jwi Ly — Ry — Kip) Lot TpLL
X (s — jam f1)[Ho (s — jwr) + jHp(s — jw1)]/4 (49)

By = 0.5V H,,[(1 — jcos 0, )w L

(48)

+ (COS 01}1 —|—])(K1p =+ R.,)] (50)
Equation (47) can be rewritten as
Meases [fp - fl] - levn+ + Vd/KIpIn+
+ AV, + AV + BV (S

Substituting (43) and (48) into (25), (25) is rewritten as
(1/Rq + j27 f,Ca)V = Iy (ViV,h + ViK, IF + AsV,'
+ AV BV + I (Vi + VK L + AsV,S

+AgV," + BoVih ) + ML + NI (52)

Substituting (46), (53), and (54) into (24), the frequency-
domain equation at frequency f,, + fi can be rewritten as

V)" = R+ 521(f, + fO L, = ViVaV," + ViVakG, I
+ VaAsV," + (VaBy + M) /G(I Vi + I As
+ 17 As)V,E + (VyBy + M) /G(IT VK, + M) LS

+ (VaBy + M) /G V) K, + M) IF. (55)

Solving (53), the closed-loop mirror-frequency impedance
Zy,p and Z,, are deduced as (56) and (57) as shown at the top
of the page.

Substituting (46), (53), and (54) into (24), the frequency-
domain equation at frequency f, — fi can be rewritten as

Vi = [Bo + 52 (f, — )L
= VaVaV,h + ViVaEip Iy + VaAg V!
+ (BaVa + Mp) /G Vi + 17 Ay + I AoV,
+ (BaVa + M) /GUT Vil + M) IS
+ (BaVa + M) /G VK, + ML (58)
Solving (58), the closed-loop mirror-frequency impedance

Znp and Z,,, are deduced as (59) and (60) as shown at the top
of the page.
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