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Shuning Gao, Student Member, IEEE, Haoran Zhao, Senior Member, IEEE, Peng Wang, Member, IEEE,
Yonghao Gui, Senior Member, IEEE, Vladimir Terzija, Fellow, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—The asymmetrical dynamics of the conventional
synchronous reference frame phase-locked loop (PLL) enhance
the complexity of the system and endanger the stability of
the grid-connected voltage source converters. In this paper,
the admittance modeling of three different symmetrical con-
trol strategies, i.e., voltage oriented control with symmetrical
PLL, voltage modulated direct power control, and proportional
resonant control, are proposed and uniformed based on the
same power tracking property. The voltage feedforward and
decoupling of the controllers are both considered. Moreover, due
to the symmetrical structure of the three control strategies, their
admittance models can directly be modeled under af reference
frame as single-input single-output systems. In addition, to reveal
the similarity between different control methods and emphasize
their differences, the admittance models are constructed by using
the same framework. The admittance modeling is verified using
frequency-scan, and the control performance is tested using
MATLAB/Simulink Simscape Power System and experimental
prototype. Finally, the stability criterion based on proposed
admittance modeling is verified by simulation results carried out
in real-time simulation platform RTLAB from Opal-RT.

Index Terms—Admittance-based analysis, proportional reso-
nant control, voltage oriented control, voltage souce converter
(VSC), voltage modulated control

I. INTRODUCTION

OWER electronic devices such as voltage source con-

verters (VSCs) have been nowadays widely applied in
the modern power system [1]. However, the wideband inter-
actions between the VSC and grid impedance bring potential
instability problem to the system and have been brought to
the forefront of the academics [2]-[9]. In order to address
the challenge, multiple analysis methods have been proposed.
Among these methods, the admittance analysis successfully
depicts the frequency response of the grid-connected VSC
system [10]. Moreover, by equivalenting the system with
a Thevenin/Norton equivalent circuit, the admittance based
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analysis can easily identify the system stability through the
Nyquist stability criterion [4], [6]-[8].

It has been proved that the control strategy of the VSC
plays a decisive role in the harmonic interaction between the
VSC and power grid [6]. The most typical control strategy of
VSC is called voltage oriented control (VOC), which requires
a phase-locked loop (PLL) for the grid synchronization [8]. In
conventional synchronous reference frame PLL (SRF-PLL),
the phase signal of the grid voltage is extracted only by
its g-axis component. Therefore, it is inherently asymmetric,
which brings a frequency-coupling phenomenon and greatly
enhances the complexity of the admittance model [7], [8].
Usually, due to the inherent asymmetrical characteristic, the
admittance of the inverter using VOC has to be modeled in
the form of a matrix as a multi-input multi-output (MIMO)
system [11]. The impedance matrix can be established in the
dq reference frame for simplicity. The stability analysis based
on dq frame model requires using generalized Nyquist stability
criterion [6]. Moreover, the analysis based on dg frame model
is not easy to interpret the mechanism of frequency-coupling
[12]. The o admittance modeling method based on harmonic
linearization is proposed [12], [13]. The o8 frame admittance
modeling approach can readily describe the system in the same
coordinate system, thus has a more intuitive physical meaning
[14], [15]. The neglecting of cross-coupled components in the
af modeling leads to inaccuracy of the stability analysis [7].
To describe the generation of coupled components, a complex
equivalence method is proposed in [7], which also unifies the
dg frame and af frame admittance modeling methods. The
coupling is regarded as a conjugate of the corresponding vector
under the dq reference frame.

A symmetrical PLL (S-PLL) is proposed in [8]. Compared
to SRF-PLL, the S-PLL also tracks the voltage magnitude
using a defined imaginary part of the voltage phase signal,
thereby it exhibits symmetrical characteristics and eliminates
the generation of frequency-coupling components. The S-PLL
based VOC (S-VOC) can also be applied into the doubly-fed
induction generator for impedance characteristics reshaping
and improvement of grid-integration stability [16].

The proportional-resonant (PR) control is also a typical
control strategy designed for grid-connected inverters [17]-
[21]. Using PR control can reduce the system complexity since
it avoids PLL for grid synchronization [21]. It is constructed
directly under the «f reference frame with a symmetrical
structure and can realize zero ac tracking error. However,
the control performance cannot be guaranteed once the grid
voltage frequency is deviated [18]. A stability assessment of
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the grid-connected VSC using PR is proposed in [22]. The
paper focuses on the direct-voltage control, and the power
control is not included.

Direct power control (DPC) is also a widely-studied VSC
control strategy, which successfully avoids the use of PLL
[23]-[27]. Conventional look-up-table (LUT) based DPC has
an nonfixed switching frequency, which deteriorates its steady-
state control performance. In recent decades, improved DPC
methods such as voltage modulated (VM)-DPC and sliding-
mode control (SMC) [24] are proposed and widely applied
[25]. They obtain constant switching frequency by using space
vector modulation (SVM) techniques and thus have better
steady-state performance compared to the conventional DPC
methods. The VM-DPC is recently proved to be effective and
widely applicable [26], [28], [29]. It improves the performance
of VSC compared with SMC and LUT-DPC. In addition, the
VM-DPC maintains a satisfactory steady-state performance
similar to that of conventional VOC [25]. The VM-DPC is
a symmetrical control method, and its admittance model can
be linearized and built directly under a8 frame [30]. Note the
VM-DPC still brings frequency coupling phenomenon due to
the inherent power integration. However, the coupling can be
restrained by using a band-pass filter.

Note that it is normally difficult to compare the admittance
characteristics of different control methods fairly. Partly be-
cause the control parameters are always selected based on a
specific control structure to meet the best performance, i.e., the
best input reference tracking property. Therefore, one of the
purposes of this paper is to unify the power tracking properties
of three different symmetrical controllers, i.e., S-VOC, PR
control, and VM-DPC. Among three control methods, S-VOC
and PR are both typical linear control methods, and the VM-
DPC is a DPC method using SVM. Then, based on the same
power tracking property, the admittance characteristics of the
three control strategies are presented and compared in detail.
The innovations can be summarized as follows,

1) The power tracking properties of three different symmet-
rical control methods are described by using a unified
second-order transfer function. The unified control per-
formance of three controllers is verified using simulation
carried out in MATLAB/Simulink Simscape Electrical
and experimental prototype.

2) The admittance models of three symmetrical controllers
are summarized. To further reveal interconnection and
the difference between the three control methods, the
proposed admittances are presented as a unified basic
admittance plus additional virtual admittance determined
by different controllers. The admittances are modeled di-
rectly under the o reference frame with a clear physical
meaning.

3) The effects of the three symmetrical control structures on
the harmonic response and stability of grid-connected in-
verters are compared. The accuracy of the Nyquist stabil-
ity analysis based on the proposed admittance modelling
method is verified using real-time simulation platform
RTLAB from Opal-RT.

The rest of the paper is organized as follows: an overview

[Vsc

Fig. 1. Diagram of grid-connected voltage source converter (VSC) using
voltage oriented control (VOC).

of the admittance analysis of VSC using conventional VOC
and frequency-coupling phenomenon caused by SRF-PLL are
discussed in Section II. The admittance modeling of three
different symmetrical control strategies is presented in Section
III. A unified performance analysis is presented in Section
IV. In Section V, the admittance modeling methods of three
symmetrical controllers are presented. Section VI presents the
simulation results and finally, the conclusions are given in
Section VI.

II. OVERVIEW OF ADMITTANCE ANALYSIS OF VOC
BASED GRID-CONNECTED INVERTERS

To better introduce the concept of symmetrical control, an
overview of the admittance analysis of the conventional VOC
is introduced. Moreover, the frequency-coupling phenomenon
caused by SRF-PLL is explained using the a8 frame admit-
tance model. This study focuses on the inner-loop dynamics,
and the dc voltage is considered to be constant. Moreover, the
dynamics of PWM is neglected in the admittance modeling.
The modulation is considered to be capable of generating
output as an ideal voltage waveform.

A. Voltage Oriented Control of VSC

A typical grid-connected VSC is presented in Fig.1, where
the complex space vectors of the voltage and current can be
denoted by the sum of their fundamental components and har-
monic components using boldface letters, e.g., vs = Vg1 + Ush,
ts = %51 + tsn. Take the point of common coupling (PCC)
voltage vy as an example, the space vector can either be
presented under a8 or under dq frame as,

Vs = VUsl,q T jvsl.ﬂ + ﬁsh,a + jﬁsh,,ﬁ

Vs1,af Dsh,ap

‘ 8 . 1
Vs = Us1,d + JVUs1,q + Ush,d + JUsh,q
Vs1,dq Dsh,dq
The basic equation of the grid-connected VSC is,
. di
Vs — Ve = Rets + Lfib (2)

dt

where v, and %5 are the VSC voltage and output current, Ry
and Ly are the resistance and inductance of VSC filter. Using
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(2), the fundamental components of the grid-connected VSC
can be also written in s’ domain under dq frame as,

Usi,dq — Ucl,dq — [Rf + (S/ + jws)Lf]isl,dq (3)

where v¢1 qq, %s1,dq are the fundamental space vectors of the
VSC voltage and the current under dq frame, respectively.
ws denotes the fundamental frequency of the grid voltage.
The relation can be translated into the stationary reference
frame using s = s’ + jws, and the equation of the harmonic
components can be expressed in o3 frame as,

ﬁsh,aﬁ - ﬁch,u,@ = (Rf + SLf)%sh,a,(% (4)

where Vg 08, .z:shﬂ g denote the harmonic components of
Vc,a8, and i o, respectively. The filter admittance is denoted
by ¥; = 1/Zf($) = 1/(R¢ + sLg¢).

The voltage harmonics vgy, at the PCC may deteriorate the
performance of the PLL and VSC controller. Therefore, a
band-pass filter (BPF) is utilized in this paper to block the
harmonics and dc components in the measured PCC voltage.
The transfer function of the BPF can be expressed in the af3
frame as follows:
2weS
Gra(s) = ¥ 2wes Tl

®)

where w. = (fws is the resonance bandwidth of the BPF, and
(s is the damping ratio of the BPF. Note that Gg)(jws) = 1.
Therefore, the voltage input of the controller can be expressed
under a3 and dq reference frames, respectively, as follows,

Vsf,af =Usl,a + Gﬁl(s){}sh,aﬁ
—_———

'65})f,a8

P
Vst dq =VUs1.dq T Grl(s" + jws)Vsh,dq,

(6)

Dshf,dq

where Ught.op and Dgnfaq denote the filtered voltage input
under a5 and dq reference frames, respectively. Note that the
most typical control used in practical VSC is the symmetri-
cally decoupled PI control consisting of current feedforward
decoupling and voltage feedforward linearization components.
Therefore, the fundamental component of the VSC voltage
Vc1,dq can be expressed in terms of the fundamental compo-

nents in the dq reference frame as,
Vcl,dqg = — L¢ (Kp + g)(isref,dq - isl,dq)

\WS_/

Gp1,aq(s’)

_jwstisl,dq + Us1,dq

; )

current/voltage feedforward

where Gpraq(s’) denotes the basic PI control unit, K}, and
K; are the PI control parameters. The current references
tsref,dq and the current fundamental component 51 q4q can be
calculated as follows,

i _ _zssref i _ _g Ssl (8)
sref,dq 3 |'Usl| sl,dq 3 ‘v51|a

where Sgef = Pasret + j@sref denotes the reference of output
complex power. Sy = Pa + jQs = —3[Re(vgiily) +
jIm(vs14%)] represents the fundamental components of the

instantaneous complex power. By neglecting the harmonic
components and the dynamics of time delay, the power track-
ing dynamics can be described as a second-order transfer
function by substituting (6), (7) into (3),
K, pSI + K, i
s+ (Kp + )’ + K;
©))

To ensure the performance of fundamental dc regulation,
normally, the control parameters can be chosen based on the
natural frequency w, and damping factor ¢ derived from the
characteristic polynomial of (9) [31],

2
Ki:wn

Ssl,dq
Ssrcf,dq

Pl  _ ts1,dq _
TVSC - -
Tsref,dq

Ry . (10)
Ls
Except for the fundamental components, the voltage output

is also affected by the current and voltage harmonics as
follows,

Kp = 2411wn -

Bendq = Gaer(8)[(LtGp1.aq(s") — jwsLt) tsh.dq + Dshf.da)»

Ge,aq(s’)

(11)
where G qq(s’) denotes the influence of PI control with
feedforward on VSC voltage harmonics. Note that the time
delay dynamics represented by Gae(s) is [7], [22],

1 —1.5T4a5
Gaal(s) = e 7T o2 ies

1+ 1.5T4q18
where Ty is the sampling period. Using the frequency trans-
lation s’ = s — jws, Uch,dgq €an also be written under the o8
frame as,

12)

Ben,ap =Gaer(8)[(LiGpr,ap(s — jws) — jwsLt) tsn,ap

13)

Ge,ap(s—jws)
+ ﬁshf,aﬁ]v

The admittance of VSC with the PI control, denoting its
harmonic-domain response, can be derived in the o f reference
frame by substituting (6) and (13) into (4) as follows,

ish,ap _ Y[l = Gaa(s)Ga(s)]
f}sh,aﬁ 1+ Gdol(s)}/}(s)Gc,aﬁ(S - jws) .

Note that TV and Y3« represents the power tracking
property and the response to the voltage harmonics, respec-
tively. Ydo mainly affects the small-signal stability of the
grid-connected VSC under weak-grid conditions. Moreover,
it can be found that Y. is only related to the control
parameters and has no relation with the system operation point.

PI
YVSC -

(14)

B. SRF-PLL and Frequency Coupling Phenomenon

Recent studies revealed that the SRF-PLL affects the har-
monic response of the system and introduced frequency cou-
pling phenomenon due to its asymmetrical structure. For the
modeling of SRF-PLL, an af frame admittance modeling
presented in [7] is used in this section. The input of the PLL
is a filtered PCC voltage v , 5 under the a3 reference frame,
the dg-transformation using SRF-PLL can be decomposed as
follows,
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Ventd
~VOC
vspf,d
Vsl‘d
cosAb,, =1
sinAG,, ~AG,,
Vsl,q
1
5 > AGy,
Ventq

Fig. 2. Small-signal block diagram of the conventional single-reference frame
phase-locked-loop (SRF-PLL).

c _ .5 —70
'vsf,dq *vsf,aﬁe P
—_neS —jA@pLL _ S =S
_Usf,dqe - (vsl,dq + Ushf,dq
o ayS ~3 A
~ (V31 aq T Vsht,aq) (1 — JA0pLL) ,

— JV5 aqAfpLL

)e_jAaPLL

eSS ~S e ~8
=Vs1,dq + Usht,dq - jvshf,quQPLL

pVocC

N Negligible

15)
where the superscripts ‘s’ and '¢’ denote the grid dq refer-
ence frame and PLL dq reference frame, respectively. 0, =
wst + Afpry, is the detected voltage phase angle. Note that
U5 qq Tepresents the fundamental components of the voltage,
under dq reference frame, vg, 4, = [vs1]. The effect of the
PLL tracking error to the harmonic components is very small
thus it can be neglected, i.e., Vg gy = Ugypaq- Lherefore,
the superscripts ‘¢’ and 's’ are ignored in the following.
Afpy1y, is the error between the detected voltage phase and
actual grid voltage phase value. DgnfqqAfprr, denotes the
coupling between voltage harmonics and the error of phase
measurement, which is small enough to be neglected. The total
variation of the measured voltage can be defined as v;gf)gq
Note that 975, can be separately presented by its d and ¢
axis components as follows,

~VOC ~
Uspf,d =Ushf,d
VOC _ - (16)
Ugpf q =Vsht,q — |Vs1|AfpLL

The SRF-PLL is designed based on the variation of the g-

axis voltage component :gf)g,
KPLL -
Abpr1, = (KPLL’p +—) s\;(f),g' a7
HprL(s")

where Kpr1,, and Kprr,,; denote the parameters of SRF-PLL.
By substituting (17) into (16), the following is obtained,

Hpri(s')
s' + |vg1 | Hprr(s")

TpLL(s")

Abpry, = Ushf,q- (18)

The small-signal block diagram of the conventional SRF-
PLL is shown in Fig. 2. Note that the main reason of
the frequency-coupling caused by SRF-PLL is its inherent
unsymmetrical structure. The one-dimensional voltage input

Frequency coupling

PLL

Gy (5)[« 5

[’ sh,af
Voltage

Feedforward

sh Lo

+

Y. (s)

~VOC
ch,dq

Gei (5)

PI with Decoupling Compensation

<= Harmonics & Coupling Components <— Harmonic Inputs

Fig. 3. Small-signal block diagram of grid-connected voltage source converter
using SRF-PLL based VOC.

sh,af

Gdel(S)Rg_ - |Yt (s) I__f
i

~VOC shap
ch,dq

SRF-PLL

<= Harmonics & Coupling Components «<— Harmonic Inputs

Fig. 4. Simplified small-signal block diagram of grid-connected voltage
source converter using SRF-PLL based VOC.

under g axis vghf,q can be seen as the sum of two conjugated
vectors, i.e., VUghf,dq, and ﬁ:hﬂdq [7], [8]. Therefore, the phase
variation Afpyy, can be expressed as,

'bshf,dq -

2j

Based on the derivation similar to (15), the current harmonic
components of the control signal is depicted as follows,

vt 3
’Ushf,dq

Abprr, = Tprr(s)) (19)

)

The controlled VSC voltage is also affected by the PLL
during the inversion dq transform, which can be derived as

21

= sh,dq — J¥s1,dqA0PLL-

~V

oc _ - ,
Vch.dq = Vep,dq T JVc1,dqA0PLL-

Therefore, the harmonics of the components can be derived
by substituting (19) into (15), (20) and (21) given as,

Ushf,dq — U3
-vOC _ ~ / shf,dq — Ught dq
Ugpi.dq = Ushf,dq — IPLL(S )Us1,dq 5
—
Gys,pu(s’)
z = Ushf,dq — U
-VOC . A% sht,dq shf,dq
Ysp,dq = Tsh,dq — Tprr, (S )Zsl,dq 2 :
—
Gis,p1(s’)
Vshf,d
~VOC o~ shf,dq — Ughf,dg
ch dq Gdel( )[vcp,dq + TPLL(S )vcl,dq 5 ]
—
Gve,pu(s’) 2
)

where Gig pi(s’) denotes the effect of asymmetrical SRF-PLL
on the current inputs. Gy pu(s’) represents the influence of
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the SRF-PLL on the dq inverse transformation of the VSC
output voltage and Gys pu(s’) express the effect of the SRF-
PLL on voltage feedforward components. For simplicity, the
harmonics of the VSC voltage is considered to be equal to the
output signal vfh%é‘q. Therefore, the effect of VOC and PLL

on the control can be expressed as,
N\IVOC | ~VOC
ch dq —Gdel( )[Gc,dq( ) tsp,dq + VUspt,dq

Usht,dq —
+Gvc,pll(8/) ° d 2

The small-signal block diagram of the conventional VOC
is shown in Fig. 3. Furthermore, (23) can be simplified as
follows,

shf,dq]. (23)

~VOC ~VOC ~VOC

Vch,dq = Vchl,dq T Vch2,dq (24)

where ﬁggﬁq and ﬁxggq denote the positive-sequence com-
ponents and coupling components of the controlled VSC
voltage, separately,

~Xll ,dq =Gyal(s )(GC,dq(sl)%shﬂq

. 1 .
+ Usht,dq + §GPLL(8/)Ushf,dq)

Gdel( 5)GPLL(S") VLt aq

(25)

~VOC
Uch2 dq —

where Gpi1(s’) denotes the effect of PLL on the system
harmonic response,

GrLL(s') = —Ge,aq(8")Gis,pn(s") — Gys pu(s’) + Gy pu(s').
(26)
Using (24), the small-signal block diagram of VOC can be
simplified as shown in Fig. 4. Due to the frequency-coupling
effect caused by the SRF-PLL, the harmonics disturbance vy},
at PCC generates two components with different frequencies,
ie, 0395, at ws — wy and 999, at wy — ws, in the VSC
output voltage. The generation process of the current coupling-
component %sh2,dq under dq reference frame, i.e., the coupling
components under o3 reference frame ishg}ag with frequency
2ws — wy, can be summarized as follows,

~VOC
Vch1 dq|wh —ws 7 Zsh1 Bl
vsh ,af — 'Ush dq< ~VOC

27
VUch2 dq|ws—wh — ZshQ,a,8|2wS—wh-

III. SYMMETRICAL CONTROL

In this section, the three different symmetrical control
methods, i.e., S-VOC, VM-DPC, and PR, are introduced and
compared.

A. VOC Using Symmetrical PLL (S-VOC)

The unsymmetrical PLL can be transformed into a symmet-
rical one by replacing the original phase angle with a complex
one 8 = 64 + jf4 [8]. Using the complex phase angle and the
approximation similar to (15), the dg-transformation carried
out by the symmetrical PLL can be expressed as,

Vs,dq = (|'Usl‘ + Ushf dq)e_jAepLL
%(|’Usl‘ + 'Ushf,dq - |vsl|A0PLL); (28)
ssyos

vshf,d
A6,
Vsl,d PLL.d
Al}l’LL.q —JAOp11 4
constant € ‘€
i ~ Agpn - jAHpH.d
v ]

Fig. 5. Small-signal block diagram of the symmetrical phase-locked loop
(PLL).

where the phase and magnitude oscillation caused by the
voltage harmonics can be approximated as e 7A0PLL
AbOp11,,q — jAOpLL,a. AbprL,q represents the phase tracking
error. The additional Afprr,q denotes the voltage magnitude
oscillation caused by the harmonics. Therefore, the disturbance
of the measured voltage signal US}X%S in the symmetrical PLL
can be expressed as,

~SVOC _ -

Ugpf,a. =Usht,d — [Vs1|AbpLLq 29)
~SVOC _ - :

Uspfq =Usht,q — |Vs1|AOpLL.a

Compared to (16), it shows that error of the voltage mag-
nitude vS\é%C is also tracked by Afpry, 4. The structure is
overall a symmetrical one. Therefore, using the definition of

Afpy1, the symmetrical PLL is designed as,

SVOC

spf dq

AbpLL = *J HPLL( o (30)

The equivalent small-signal model of the symmetrical PLL
is shown in Fig. 5. Substituting (30) into (29) yields,

Abpr1, = —jTprL(s") Ushe,dg- 31

Compared to (19), the conjugate part v 4, is eliminated.
Therefore, the output VSC voltage signal can be simplified as,

—Gdel( )Gc,dq(sl)gsh,dq
+ Gae1(8)Grr(8)[1 + Gprr(s")|Osh,dg-

~SVO

ch,dq (32)

Similar to (13), the expression of (32) in the o frame can
be found by replacing s’ with s — jws given as,

B3 o5 =Gael(s)Ge,ap(s — jws)ish,ap (33)

+ Gael(5)Gri(8)[1 + GpLL (s — jws)]Vsh,ap-

Since the the harmonic admittance of VSC using symmet-

rical PLL can be expressed as a SISO system, based on the

basic admittance Y{\§c, the equivalent admittance of the grid-

connected VSC using symmetrical PLL based VOC can be
deduced by substituting (32) into (3) as follows,

ish,aﬂ
'vsh,aﬂ

YSVOC — Y\I/DSIC 4 YHSVOC, (34)
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where Y,3VOC denotes the additional virtual admittance of
the symmetrical PLL on the original Y\}DSIC. The expression of

Y'HSVOC is,
YnSVOC =[1+Y;(s)Ge,ap(s — jWS)rlYf(S)
- Gri(s)GprL(s — jws) .
Note that the value of the voltage magnitude |vgi| in

symmetrical PLL should be updated in real-time according
to the system operation point.

(35)

B. Proportional Resonant Control

The basic control structure of a PR control is shown in
Fig. 6. The outer loop can be written in terms of complex
vectors as,

. 21 .
Tsref,af = *ngsf,aB(Psref - ]eref)- (36)

The PR current controller using ideal decoupled propor-
tional and reduced-order generalized integrator (ROGI) has
following transfer function ,

Uf,gﬁ :vle,{ozB + i)(l:)hf,{a/j
K; . .
= - Lf(Kp + 1 )(Zsref,aﬁ - /Ls,aﬁ)~ (37)

S — jws
- jwstis,aﬂ + Vst,ap

For the sake of reducing the computation burden, the ROGI
is often merged into a second-order generalized integrator
(SOQI) as K, + K; /(s — jws) = Ky + 2K;s/(s? + w?) [22].
Since the main control of PR using SOGI is different from
Ge,ap(s). Therefore, to maintain unity, only PR control with
ROGQGI is considered in this paper. The control block diagram
of the PR control is presented in Fig. 6. The fundamental
components in (37) can be re-configured and expressed in dg
reference frame as follows,

K ,. .
Vcl,dq = — Lf(Kp + ?)("'sref,dq - Zsl,dq). (38)

- jwstisl,dq + Vs1,dq

By substituting (38) into (3), the transient dynamics of the
fundamental current component tracking can be derived as the
same as (9). Therefore, it can be concluded that the S-VOC
and PR share the same power tracking property. By dividing
the current input into %543 = %s1,08 + %sh,aﬁ the harmonic
components of the VSC output voltage can be deduced by
substituting (36) into (37) as,

Beh,ap =Gael (5)Ge,as(8)ish,as+

. (39)
Gael(5)Gri(s)[1 + Gpr(8)]Dsh a8,
where Gpgr(s) can be expressed as,
2Lf QKiS .
= K, Pyer — sref )+ 40
GPR(S) 3‘1)51 ( p 1 52—|—w§)( £ —JQ f) (40)

The coupling in |v%| is not considered in the admittance
model, i.e., |vZ%| is simplified as a known constant |v2 | in (40).
Note that a constant value |v2 | can be used to replace the real-
time calculation of [vZ| in (36) for the sake of eliminating the

6

vs,a[} vsf,o‘l3
Pl 2 Cutaliar Pyt |

sref P
3 | vsf |

2 OuapPoer =Vt Goer)
2
3 v |

eref

Fig. 6. Block diagram of proportional resonant (PR) control.

coupling terms. However, it sacrifices the accuracy of power
tracking once the system operation point changes.

The harmonic admittance of the VSC using PR control can
be derived by substituting (39) into (4) as follows,

_ Tsh,apB

= Y& + VPR, 41

Ush,a8

where VPR denotes the influence of PR control on VSC
system admittance,

Y = — 1+ Gaa(5)¥5(s) Geap(s — )] ™

(42)
- Y:(8)Gael (5)Gri(s)Gpr(s)

C. VM-DPC Control

VM-DPC is a symmetrical control strategy designed di-
rectly in o3 reference frame. The method guarantees power
tracking without using PLL with zero steady-state error. A
brief introduction of the control scheme is presented firstly in
this subsection. The instantaneous powers of the VSC can be
expressed as,

3 "
Py =P + Panr = —§Re(’0sf’ts)

3 ; (43)
Qst =Qs1 + Qonr = —5Tm(vyéy)

where Pyh¢ and Qe denote the instantaneous powers gener-
ated by the harmonics of PCC voltage and output current. %}
is the conjugate of %5. The differential of powers are presented
as,

dP, sf

— 3 dUSfaaﬁ * 3 s,af3
i~ ane(gy tas) ~ gRe(Vstas )
dst 3 dvsf af 3 d’L: af
—_— = 7]: ? * _ 7]: f o 5
dt g =g tuap) — pm(vstas—5)

(44)

Note that the VM-DPC is designed based on an ideal grid

voltage condition. Therefore, the differential of filtered grid
voltage can be approximated as,

d .
= Ust,af = JWsUsf,af-

dt (45)
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Fig. 7. Control scheme of voltage modulated direct power control (VM-DPC).

By substituting (2) and (45) into (44), the instantaneous
variation of the active and reactive powers of VSC can be
calculated as,

dPs 3
L — Wstf sf + U
dt 2Lf
dQu (46)
= = SPS T Ws )
at T T+ 2L 31, 0@

where Up and Uq are the power regulation inputs, which are,

Up zRe(vSﬂanZ’aﬁ) —
Uq :Im(vsf,aﬂv:,aﬁ>
Based on (46) and (47), the power tracking can be designed

in closed-loop using PI and power feedforward, which can be
expressed as follows,

2
V.
| sf|. (47)

2L¢
Up = ——Gpraq(s")(Psret — Pst) + wsQst
3
of (48)
f
UQ = GPI dq( /)(eref Qbf) Ws sf
Finally, the output VSC voltage can be decomposed into its
fundamental and harmonic components as vvyﬁ = c1 o T
Xha 8 which can be deduced from (47) given as,
ﬂyg/l = (vst,aUp + UsfyﬁUQ)/|vs2f‘ + Usf,a (49)
U;}g[ = (vst,8Up — Usf,aUQ)/|'Us2f| + vst,8

Note that by substituting (43) and (48) into (46), the
dynamics of the fundamental power tracking can be extracted
and expressed in terms of the same equation given as (9),

Ssl
Ssref 52 + (Kp + %)S/ + Ki- (50)

Therefore, it is found that VM-DPC and VOC share the
same power tracking property. Moreover, VM-DPC has better
tracking performance since it eliminates PLL [26]. The control
scheme of VM-DPC is presented in Fig. 7.

It can be found from (49) that integration control of the
powers inevitably result in a cross coupling between harmonic
components and fundamental components. However, if the
magnitude vgys can be reduced by using the BPF, then,

Tz can be approximately linearized [30]. The details of

. . ~VM .
the linearization of v, 5 is presented as,

KpS/ —|— Ki

Bn s =Gael(5)Ge,ap(8)ish,ap

. (€29)
+ Gael(5)Gri1()[1 + Gym(s)]Vsh,ag,

v

ch,off

Fig. 8. Small-signal block diagram of grid-connected VSC using three
symmetrical control strategies with BPF and voltage feedforward.

where G o3(s) can be found equal to G qq(s’) as follows,

GC,aﬂ( ) Lf(K + 5 — juwe _jws) = Gc,dq(sl)v (52)
and Gym(s) can be written as,
2L K,

GVM(S) = f2 ( sref — ]eref) (53)
3|’Usl

The detailed admittance model of VSC using VM-DPC can
be derived by substituting (51) into (4) . The admittance model
can be derived as,

_ ish,aﬁ
VSC —
Ush, a8

= Yygc + YoM (54)

where Y,V denotes the virtual admittance of VM-DPC, which
represents the adverse effect of the VM-DPC on the basic
admittance Y\?SIC. The expression of YnVM is,

Y = — 1+ Gaa(5)Yi(5)Ge ap(s — jews)] !

Y:(5)Gael(8)Gr1(s)Gym(s) (55)

Finally, the small-signal block diagram of three symmetrical
control strategies can be unified using the same frame as
shown in Fig. 8. The differences of the block diagram of
three methods are highlighted in red color. By comparing (53)
with (40), it can be found the difference between Gpg(s) and
Gy (s) can be deduced as,

2Ly 2K,
Blvdi| s* +w?

GPR(S) - GVM(S) = ]ercf) (56)

( sref —

It shows that the difference between Y{idy, and Yiee gets
Larger when the frequency of the harmonics is close to the
fundamental frequency, i.e., s = jwy = jws. On the other side
when wy, is away from wg, it can be assumed that Y vse A
Yy in the high- and low- frequency range.

IV. UNIFIED PERFORMANCE ANALYSIS

The unified dynamic response of three control strategies is
discussed in this section. The power tracking dynamics of three
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Fig. 9. Transient dynamics comparison of three different control methods under different control parameters. (a) wn = 100, { = 2. (b) wy = 100,¢ = 0.7.
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TABLE I
PARAMETERS OF SIMULATED GRID-CONNECTED VSC SYSTEM AND
VM-DPC CONTROLLER

Parameter Symbol | Value Unit
Rated power Pyref 25 kW
Switching frequency w 4 kHz
Sampling frequency fsa 4 kHz
Time delay Tdel 0.0001 S
Fundamental frequency f 50 Hz
Ground-to-line Voltage Vs, rms 220 \Y
Natural frequency of BPF | wg, 314 rad/s
Damping ratio of BPF Ce 0.1
Dc voltage Vde 730 \
Filter resistance Ry 0.12 Q
Filter inductor L¢ 6 mH
Control Parameters
Parameter Value Parameter | Value
Kp 121.4 K; 10000
wn 100 [§ 0.7
KpLL,p 1.5 KpLL i 130
fow PLL 100 Hz

controllers can be deduced by transforming (9), (50) into the
time domain as follows,

S :Ssrcf{l + €7Cw"t[(% — \/1C7<'2) sin(wdt)
~ coswat)]}, ¢ <1
s =Saet{l +e [( o 7\/@7_1) sinh(wqt)
— cosh(wgt)]}, ¢ >1

where wq = wyy/1 — (2 denotes the natural damping fre-
quency. To compare the transient response characteristics of
different control strategies, a simulation is carried out in MAT-
LAB/Simulink Simscape Power System. The IGBT switching
signals are generated by using SVPWM with a switching

frequency of 4 kHz. The dc-link voltage is set to 730 V. The
VSC is connected to an ideal power grid. The circuit and
control parameters are presented in Table I. Fig. 9 shows
the simulation result of system step response with different
control parameters. APss = 25 kW is set at 1s. Three
different control settings are chosen, i.e., (w, = 100,{ = 2),
(wn = 100,¢ = 0.7), and (w, = 30, = 2). The black dotted
line shows the dynamics response calculated based on (57).
They are in agreement with the simulation results. It can be
recognized that all three VSCs with different control methods
track their references very well. Moreover, they also exhibit a
similar transient response. The couplings between active and
reactive power regulation of three methods are all small. It
can be concluded that three different control methods have the
same power tracking property. It can also be found that the
system transient performance is improved either by increasing
wy from 30 to 100 or increasing ¢ from 0.7 to 2.

Note that the transient response in Fig. 9 are obtained under
ideal grid conditions. The steady-state performance of VSC
using different controllers is also tested under non-ideal grid
conditions as presented in Fig. 10. The system performance
under frequency variation conditions is shown in Fig. 10 (a).
it can be observed that the PR control strategy leads to a
steady-state error in the reactive power output. The system
performance under three-phase voltage drop (0.2 p.u) and
phase-A voltage drop (0.2 p.u) are tested, respectively as
presented in Fig. 10 (b) and (c). It can be observed that three
control strategies exhibit similar steady-state performance un-
der the voltage drop conditions. In addition, note that the
unbalanced voltage drop will cause power fluctuation and
harmonic components. The reactive power fluctuation of VSC
using the S-VOC is relatively large among the three control
strategies, which is caused by the error of phase-locking under
unbalanced grid conditions.
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Fig. 10. Transient dynamics comparison of three different control methods under non-ideal grid conditions. (a) Frequency variation. (b) Balanced voltage

drop condition. (c) Unbalanced voltage drop condition.

In this section, the unified transient performance of three
control methods is analysed. Note that once the control
parameters are determined, the basic admittance Y&, is
also determined. However, since each strategy has different
additional admittance, their influence will affect the admittance
characteristics and the grid-connection stability. In the next
section, the admittance of three control methods is analysed,
the accuracy of the admittance modeling is verified using the
frequency-scan method. Moreover, the stability of the three
control methods is compared based on the unified power
tracking dynamics. In order to better explain the work of this
paper, a diagram that summarizes the structure is presented in
Fig. 11.

V. ADMITTANCE SPECIFICATION AND STABILITY
ANALYSIS

This section determines the admittance specifications of the
three control strategies. The circuit and control parameters are
the same as presented in Table I.

A. Admittance Model Verification

The accuracy of the proposed admittance modeling can be
verified through the frequency-scan method. The bode plots
of the proposed admittance characteristic calculated based on
(34), (54), and (41), are compared with the corresponding
frequency-scan results as presented in Fig. 12. The frequency-
scan results are carried out using detailed models which con-
sider both the time delay and PWM. The control parameters
of the comparison study is chosen as (K}, = 121, K; = 10000
— wy = 100,¢ = 0.7). The bandwidth of the symmetrical
PLL is set to fhw pL. = 100 Hz. It can be observed that
the harmonic response of grid-connected VSC using S-VOC

Typical Linear Control

Methods of VSC SVM-DPC
[ VOoC ] [ PR | [ VM-DPC ]
Transient Loop-
Response Frame
S-PLL
Unification
¥
SvoC PR VM
{YVSC J + [Yn ] Yn Yn ’
Basic Additional Virtual ]
Admittance Admittances

Unified Symmetrical Admittance Modeling

Verification Application
HIL Verificati
Frequency- Simulation | EMMCNON - graplity
scan Model Analysis
Fig. 11. Structure of the paper.

and PR are very close to each other. The difference of admit-
tance characteristics is mainly reflected near the fundamental
frequency (50 Hz), that the VSC using VM-DPC exhibits a
comparatively low admittance magnitude, followed by the PR
control and the S-VOC. Among the three control strategies,
the S-VOC appears most sensitive to voltage harmonics, while
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Fig. 12. Verification of the proposed admittance modelling with different
control strategies (wn = 100, ¢ = 0.7). (A) S-VOC, (B) PR control, (C)
VM-DPC.
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Fig. 13. Comparison between the basic admittance Y\I/DSIC and the virtual
admittances of different symmetrical control methods.

VM-DPC seems to be the most robust one.

The adverse effect of the control structures on the equivalent
admittance characteristics of grid-connected VSC is studied by
comparing Y5e to the virtual admittances ySVOC 'y VM "and
YPR, as presented in Fig. 13. It can be observed that in the
high- and low- frequency range, the admittance characteristic
of grid-connected VSC is mostly determined by the basic
admittance Yiido since Vi, > (VPVOC Yy VM Y PR) The
virtual admittances Y.¥M, Y,3VOC 'and Y"R successively show
the negative damping characteristics, i.e., their phases are not
within —90° ~ 90°, when the frequency moves close to 50
Hz. Since Y,¥M exhibits the lowest magnitude, the negative
damping of VM-DPC is the smallest among three strategies,
which shows consistency with Fig. 12.

Fig. 14 shows a comparison of the analytical and frequency-
scan results of the VSC equivalent admittances using different
control strategies. The three different controllers are compared
in separated figures. In each figure, the lines and dots with
the same color denote the controllers that have the same
control parameters. In other words, they share the same basic
admittance Y5.. Three groups of control parameters are
selected, group (A) denotes (K, = 380,K; = 10000 —
wy = 100, ¢ = 2), group (B) denotes (K, = 121, K; = 10000

10
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Fig. 14. Verification of the proposed admittance modelling under different
control settings by using frequency-scan method. (a) Y\%/COC, (b)Y\l,)SF%j , (©)
Yoed. (A) wn = 100 radis, ¢ = 0.7, (B) wn = 100 radss, ¢ = 2, (C)
wn = 20 rad/s, ¢ = 0.7.

— wp = 100, = 0.7), and group (C) denotes (K, =
100, K; = 900 — wy = 30, = 2), respectively. Moreover,
when the parameters of the main controller change, the Bode
plots of Y\%fg C Y\ysl\é, and Y\I,DS% show similar variation rules.
The results indicate that the decrease of damping ratio ¢ and
natural frequency wy,, will increase the magnitude of the system
admittances, i.e., the system tends to be more sensitive to the
voltage harmonics and becomes less stable under weak-grid
connected conditions.
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Fig. 15. Comparison of the Nyquist plots of three control methods with
different control parameters.

B. Stability Analysis

In this subsection, the availability of the proposed method is
verified by using the Nyquist stability criterion and simulation
results. The grid admittance can be assumed as a simple,
balanced R-L circuit, which can be expressed under the af3
reference frame by using Laplace-transform as follows,

1
L,s+ R’

where R, is the grid resistance, L, is the grid series in-
ductance. The stability of the grid-connected VSC can be
identified by using simple SISO Nyquist stability criterion [4].
The system can be simplified as Thevenin equivalent circuit
consisting of the equivalent VSC admittance represented by

Ygrid(s) = (58)

11

T

e — .

Fig. 16. Real-time simulation platform RTLAB from OPAL-RT for testing
the three control methods.

Yvsc, which are derived in (34), (54), and (41), respectively,
and the grid admittance Y;iq. The stability of the system can
be identified by the eigenvalues of the transfer function given

as,
1

Hy=—1—,
1+ Ga@(s)

where Gop(s) = Yvsc(s)/Yeria(s) is the feedback charac-
teristic equation of the system. Based on the linear-control
theory that the closed-loop transfer function Hy guarantees
stable operation only if Gopg(s) satisfies the Nyquist stability
criterion, i.e., the encirclement of (—1,j0) by the admittance
ratio Gop(s) is zero.

Fig. 15 shows a comparison of the Nyquist plot of Goz(s)
using different control methods. The VSCs are considered to
be connected with grid with equivalent impedance (L, = 4.5
mH, R, = 0.6 2). Three different control parameter settings
are chosen as the same as in Fig. 14. The bandwidth of the
symmetrical PLL is set to 100 Hz. Fig. 15 (a) shows the
Nyquist diagram of G,3(s) describing a grid-connected VSC
using S-VOC. It can be seen that the encirclement around
(—1,0) of the Nyquist curve Y:3¥9(s)/ Yaria(s) is zero when
wn = 100, = 2. However, the system becomes unstable
when ¢ changes from 2 to 0.7 and w, keeps 100 since the
Nyquist curve encircles (—1 + j0). It can be also found that
the Nyquist curve intersects unit circle at 55.6 Hz, which also
indicates the frequency of the oscillation component. A similar
trend can be found when w, changes from 100 to 30 while
¢ = 0.7, the Nyquist curve encircles (—1 + j0) and intersects
unit circle at 51.9 Hz. From the enlarged window of Fig. 15
(b), it can be found that the point of intersection indicating
wp = 100,¢ = 0.7, and w, = 30,( = 2, are very close to
the critical point. Therefore, the system will be unstable. Ggg
with w, = 30 and ¢ = 2 intersects the unit circle at 51.9
Hz. From Fig. 15 (c), it can be found all three curves avoid
the critical point. Therefore, it can be concluded that the grid-
connected VSC using the VM-DPC can maintain stable with
all three control parameter settings.

The effectiveness of the Nyquist stability criterion based
on proposed admittance modeling method is verified using

(59)
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Fig. 17. Comparison of the grid interconnection test of the systems using
different control methods when (wn, = 100, ¢ = 0.7). (a) VOC with
symmetrical PLL (fpyw pr1, = 100). (b) PR. (c) VM-DPC.

detailed simulation models implemented in real-time simu-
lation platform RTLAB from Opal-RT as shown in Fig. 16.
The circuit and the control parameters of the test are set as
presented in Table 1. Both time delay and PWM are considered
in the simulation model. The VSCs are initially connected to
a grid with equivalent impedance set as an inductor L, = 4.5
mH in series with a resistance R,, = 0.6 2. In Fig. 17, the
control parameters are set to (w, = 100, = 2) at the begin-
ning of the simulation. Then, the control parameters of three
systems change to (w, = 100,¢ = 0.7). The results indicate
that the grid-connected VSC using S-VOC becomes unstable.
The frequency of the main oscillation component is 56 Hz,
which is consistent with the Nyquist stability analysis. On the
other side, the VSC using the VM-DPC and PR still maintain
stability after the change. Fig. 18 demonstrates the cases of
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Fig. 18. Comparison of the grid interconnection test of the systems using
different control methods under (wn, = 30, ¢ = 2). (a) VOC with symmetrical
PLL (fiw pLr = 100). (b) PR. (c) VM-DPC.

changing the control parameters from (w, = 100,{ = 2) to
(wn = 30,¢ = 2). It can be observed that VSCs using S-
VOC and PR become out of control, and the powers start to
oscillate after the parameters changing. The frequencies of the
main oscillation components of the S-VOC and PR control
are about 56 Hz and 51 Hz, which are consistent with the
analytical results as presented in Fig. 15. The VSC using the
VM-DPC control remains stable. Therefore, the accuracy of
the admittance model and correctness of the Nyquist stability
criterion are confirmed.
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TABLE 11
PROS AND CONS OF THE THREE CONTROL STRATEGIES

Control Advantages Disadvantages
vOC + Robust to parameter/ fre- | + Use of coordinate trans-
quency variations formation (dq frame)
+ Measurement of grid fre- | + Complex control struc-
quency ture
(PLL) + Frequency-coupling
(S-PLL) + No frequency coupling - Use of voltage magni-
tude
PR + Simple structure - Affected by frequency
variation
VM-DPC | - Robust to parameter/ fre- | -+ PI  control  brings
quency variations frequency-coupling
+ Strong grid-connection
stability
+ No coordinate transfor-
mation
+ Simple structure

Finally, the pros and cons of VOC, PR and VM-DPC are
summarized as presented in Table. II. The results prove that
the VM-DPC exhibits satisfactory control performance at the
same level as VOC and PR and shows the best grid-connection
stability among the three control methods.

C. Experimental Verification

The transient response characteristics of the three control
strategies at the same current loop bandwidth are also tested
by using an experimental prototype as presented in Fig. 19.
A three-phase 7.5 kW Danfoss converter with L-filter is
connected to the grid. A grid simulator is used to generate
220 V rms voltage. A constant dc voltage is supplied using
a dc power supply. The PCC line-to-line voltages and the
currents are measured by using a DS2004 A/D board. The
three different control strategies are implemented by using the
dSPACE DS1007 system. The parameters of the system and
controllers are chosen to be the same as presented in Table. I.
The inner-loop control parameters are set to (w, = 408,
¢ = 2.47). Fig. 20 shows the transient response of the three
different methods when the reference of active power steps
from O to 3 kW. Notice that three controllers have the same
power convergence time of about 1.5 ms. The results confirm
previous analysis that three different control methods have the
same transient dynamic characteristics.

VI. CONCLUSION

In this paper, a uniformed comparative admittance analysis
of grid-connected inverters using three symmetrical control
strategies, i.e., S-VOC, PR control, and VM-DPC, is pre-
sented. The control methods are uniformed by the same
power tracking dynamic expressed by a second-order transfer
function. The admittance models of the three control methods
considering voltage filtering and feedforward linearization are
derived based on an unified framework, and the adverse
effect of the different symmetrical controllers on the system
harmonic response is compared by using virtual admittance.
The simulation and experimental results show the transient
response of three methods are the same. The experiment The
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Fig. 19. Experimental setup at Aalborg University.

admittance analysis presents the difference in the admittance
characteristics mainly reflect near the fundamental frequency.
The grid-connected VSC using VM-DPC seems to be the least
sensitive toward voltage harmonics. Moreover, it also exhibits
the highest stability among the three symmetrical controllers.
The bode plots of the equivalent admittances of the VSC using
S-VOC and PR are very close to each other. The Nyquist
stability criterion based on the proposed admittance modeling
is verified by using the RTLAB simulation platform from
Opal-RT.
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