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Abstract: This paper develops the impedance models of grid-connected converters under the virtual
synchronous generator (VSG) strategy with a cascaded inner control loop and analyzes the system
stability of VSG controlled converters with different kinds of weak grid. Different from existing
small-signal models with high dimensions, a single-in-single-out (SISO) impedance model with
simple mathematical expression is obtained in this paper, which is applied to identify the influence
of the cascaded control loop on impedance characteristics and system stability. It is found that the
impedance characteristics of VSG controlled converters can become capacitive below the
fundamental frequency, and it is mainly caused by the voltage controller in the cascaded control
loop of the VSG strategy. Impedance-based stability analysis shows that the capacitive impedance
characteristics can benefit the compatibility of converters operated with the series-compensated
weak grid, but may deteriorate the system stability with the inductive weak grid, which can be
avoided by increasing the proportional coefficients of the cascaded voltage and current controllers
or applying a larger virtual resistor to reduce the negative resistance in the capacitive frequency
range. Experiments based on the control-hardware-in-loop (CHIL) platform were carried out to
verify the developed analytical models and possible system instable cases.

Keywords: impedance model; small-signal modeling; system stability; virtual synchronous
generator (VSG); weak grid

1. Introduction

With the development of renewable energy, the penetration of renewable energy generation
systems (REGS) in the power system is gradually increasing. Most of the REGS connect to the grid
through grid-connected converters and the grid-following control effects of the converters prevent
REGS from providing inertial support to the power system. To address this problem, the concept of
virtual synchronous generators (VSGs) is put forward, which emulates the behavior of traditional
synchronous generators (SGs) and adds inertial to the power system by containing the mathematical
model of a SG [1].

REGS usually connects to the weak grid with high impedance due to the long-distance
transmission lines. In some places, series compensation devices are added to the weak grid to enhance
transmission capability [2]. As reported in [3,4], stability accidents can be caused when the
characteristics of the converter-based REGS do not match the connected weak grid. Thus, it is
important to analyze the stability of VSG controlled converter system with the weak grid for practical
applications.
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The impedance-based stability analysis method is widely applied to analyze the stability of the
grid-converter interconnected system [5,6]. In this method, the characteristics of the converter and
the connected grid are described by their impedance models, respectively; the system stability can be
analyzed with the impedance ratio of the converter and the connected grid; and the impedance ratio
must satisfy the Nyquist stability criterion in order for the interconnected system to be stable [7].

The small-signal modeling and the impedance modeling of grid-connected converters under a
typical VSG control strategy is analyzed in [8-14], where the output voltage reference from SG models
is directly used to generate the PWM signals for converters as proposed in [15]. In [8], a line-
frequency-averaged small-signal model is developed to design the power loop of the typical VSG
strategy. In [9,10], small-signal state-space models are developed for VSG controlled converters with
the connected grid, and critical parameters for system stability are identified with the eigenvalue
analysis and the parameter sensitivity analysis. It is also found in [11-14] that the impedance
characteristics of grid-connected converters under this typical VSG control strategy is generally
inductive with relatively low magnitude, which is more compatible with the inductive weak grid
than the traditional grid-following converter with a phase-locked loop (PLL), but grid-connected
converters under this typical VSG control strategy also have the low-frequency oscillation risk with
the series-compensated network similar as traditional SGs.

In practice, different implementations of VSG control strategy have been proposed [16-20]. In
[18-20], a cascaded inner voltage—current control loop is adopted to regulate the output voltage
reference from SG models. Virtual impedance control is also applied to emulate the quasi-stationary
characteristics of the synchronous impedance in a traditional SG. Compared with above-mentioned
typical VSG control strategy with direct open loop PWM control in [8-15], the cascaded inner control
loop in the VSG strategy in [18-20] can conveniently implement the limitations and saturations of
voltage and current outputs, which is a significant requirement to improve the current control
capability and guarantee the safe operation of converters.

Recently, some small-signal modeling and analysis are carried to analyze the system stability of
weak grid and the VSG controlled converters with cascaded inner control loop. In [18], a small-signal
state-space model is developed to analyze the grid-converter interconnected system, and the system
stability is assessed by eigenvalue analysis and the parametric sensitivities, while the impedance
characteristics are not investigated. In [21], impedance models are transformed from the linearized
state-space model, and the stability of this grid-converter interconnected system is mainly analyzed
in the high frequency range (above 500 Hz) where the control effects of the cascaded control loop is
relatively limited. In [22], grid-connected converters under the power synchronization control and
the vector control are compared with the developed dg-axis impedance models, and opposite
characteristics of system stability are found between two control strategies.

However, it should be noted that the existing state-space model in [22] and the existing
impedance models in [21,22] are all high-dimensional small-signal models, thus the characteristics of
the VSG controlled converters can only be analyzed with a group of bode plots or with pole maps.
Besides, the impedance model in [21] and the determinant of dg-axis impedance ratio matrix in [22]
both lack mathematical expressions to insightfully analyze and quantify the impedance shaping
effects of the cascaded control loop.

Therefore, an impedance model with simple mathematical expression is required and this paper
will develop a novel single-in-single-out (SISO) impedance model with simple mathematical
expression from the small-signal modeling of the VSG controlled converters with cascaded inner
control loop. The applicable frequency range of the developed SISO impedance model is verified in
the low frequency range (1-100 Hz), where the impedance characteristics are focused in this paper.
The developed SISO impedance model is also applied to analyze the influence of the cascaded inner
control loop on impedance characteristics and system stability.

The main contributions of this paper can be concluded as:

(1) A novel SISO impedance model with simple mathematical expression is developed to analyze
the impedance characteristics of the VSG controlled grid-connected converters with the
cascaded inner control loop.
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(2) Based on the developed SISO impedance model, the analysis on how the impedance
characteristics are shaped by controllers in the cascaded inner control loop is provided.

(38) Impedance-based system stability of VSG controlled converters with different kinds of weak
grid is analyzed, and the influence of cascaded inner control loop on possible system instabilities
are quantified by differentiating the expression of developed SISO impedance model.

The rest of this paper is organized as follows. In Section 2, detailed small-signal modeling of the
VSG controlled converters with cascaded inner control loop is carried out. Section 3 obtains the SISO
impedance models from the developed small-signal models and analyzes the impedance
characteristics of VSG controlled converters. Section 4 identifies the influence of cascaded inner
control loop on impedance characteristics and quantifies the influence of the control parameters. In
Section 5, the impedance-based analysis is carried out to analyze the system stability of VSG
controlled converters with different kinds of weak grid, based on which possible causes of system
instability are also identified. Experiments based on the control-hardware-in-loop (CHIL) platform
are presented to validate the developed models and the possible system instable cases. Finally,
Section 6 concludes this work.

2. Small-Signal Modeling of VSG Controlled Converters with Cascaded Inner Control Loop

In this section, detailed small-signal modeling of the VSG controlled converters is carried out by
applying the multi-harmonic linearization method as in [23-26]. The small-signal characteristics are
described by a developed 2 x 2 order admittance matrix model, and CHIL-based frequency sweeping
test is applied to validate the correctness of the developed small-signal models.

2.1. VSG Control Strategy with Cascaded Inner Control Loop

In this paper, the VSG strategy as in [18] is applied. In this VSG strategy, the inertial and
damping characteristics of traditional SGs are implemented with a swing equation as:

4o, _Fy _P_D)(@p =0 ) W

dt J J J

In (1), the per unit angular speed wpu is determined by the integral of the active power balance
between the active power reference Prs and the measured active power P. The damping
characteristics of traditional SGs are emulated by a damping active power, which is defined by the
damping coefficient D, with the difference between the per unit angular speed wy« and the per unit
angular frequency of the connected grid wgpu. For VSG controlled converters, the per unit angular
speed wp« equals to the grid frequency wgpu in a stable grid-connected operating state, and wgu of a
normal power grid equals 1 in steady operating state.

Then, the virtual rotor angular position # can be calculated by the integral of the per unit angular
speed wp« with the base of angular speed wuss as:

o

E - wpu ! a)base (2)

In this applied VSG strategy, the virtual back electrical magnetic field (EMF) 1)r is regulated by
reactive power control as:

dy,

= =K(0,-0+0,). 0, =Dq(

I/ref

N4) ©

where the virtual EMF is determined by the integral of the reactive power balance among reactive
power reference Qry, the measured reactive power Q, and the damping reactive power Qs The
damping reactive power Qq is defined by the damping coefficient D; and the difference between the
voltage magnitude reference | V| and the measured voltage magnitude of the converter. In steady
operating state, | Vil is set to 1.0.
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When adopting a cascaded inner control loop with virtual impedance in the VSG strategy, the
dg-axis voltage references for modulations are selected as the output references of the cascaded
control loop, otherwise the virtual EMF is directly selected as d-axis voltage reference.

In this paper, the configuration and applied VSG control strategy of the grid-connected
converter system are shown in Figure 1, where the switch of modulation references turns to the upper
side to select the output references of the cascaded control with the adoption of cascaded control.
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J_70_| ng - Igb > ;]b| Vb |
T Ve Ve o Lec el Ve | % s
Ry % ——
Tg]% Cr T PCC Ve
qu E
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Lo, b, ] Il/d'q‘ VI 0 B £, gbt W > g1
V., o >labc day Cal IVl yy 0> AN M

Figure 1. Configuration of VSG controlled converter system.

2.2. Definition of Small-Signal Models

In small-signal modeling, the characteristics of grid-connected converters can be described by
the relationship between the ac-terminal voltage small-signal perturbations and corresponding
current responses. Since the frequency coupling effect, as analyzed in [23-27], exists in converters,
the component at a given frequency f, and another component at the frequency f, - 2f1 always coexist
in small-signal modeling, where fi is the fundamental frequency of the system.

Following the same notation as in [23-25], in the frequency domain, the perturbed components
of system voltages and currents can be defined as:

i=[i, i,].0=[V, V,] @)

where 1 b Vp, I ,2rand sz are components at frequency f» and frequency f» — 2f1, respectively, and
the symbol “” means perturbing components.

Then, the small-signal models of VSG controlled converters can be described by a 2 x 2 order
admittance matrix Yvsc as in [23-25], and the degree of frequency coupling effect is represented by

the magnitude ratio of the off-diagonal elements to the diagonal elements.
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2.3. Small-Signal Modeling of VSG Control Strategy

2.3.1. Modeling of Power Relationship

In converter system, active and reactive power can be calculated with voltages and currents as:

P()=v,(0)1,() +v,(0) 1, (6) +v.(0) 1, (1) 6)

o) = —%(vbc (0)1,(0)+ v, ()1, (6) + v,y () 1. (0)) %

In small-signal modeling, the active and reactive power fluctuations can be expressed with the
voltage perturbations and current responses by linearizing (6) and (7) as:

[P]-=[T 1]{ }[V v]{ }
[Q]- [JI ]I}{ }ME} (®)

where P and Q are perturbed power components at frequency f, - fi; I1 and Vi1 are fundamental
components of PCC current and voltage in p.u.; * means conjugate operation; and Gz, Guzg, Gizp, and
Gizg describe the relationship between power fluctuations and voltage/current perturbations.

2.3.2. Modeling of Active and Reactive Power Control

According to Figure 1, the virtual rotor angular position is affected by active power fluctuations
and can be written as:

[6]=Gpoy [B]. Gy =—Tr> 1/35 ©)

where s = j2n(f, - f1), wesse =27f1,, and @ 1is the perturbed component of virtual rotor angular position
at frequency fy - fi.

According to the reactive power control in Figure 1, the perturbed virtual back EMF s can be
expressed with the reactive power and voltage fluctuations as:

[¥]=G,,, (Q+G,,, |V, G,, =—K/s,G,,, =D, (10)
~ ~ ~ T N
| V |: Gv2m : |:Vp V1)2:| > Gv2m = |:Vl V1:| (11)

where s=2n(f,~f1),  is the perturbed component of yrat frequency f,-fi, K is the coefficient of the
integral controller, and Dy is the coefficient of voltage droop controller.

2.3.3. Modeling of Cascaded Inner Control Loop with Virtual Impedance

According to Figure 1, in small-signal modeling, the perturbed dg-axis output voltage references
can be expressed with perturbed virtual EMF output, perturbed dg-axis PCC voltages, perturbed dg-
axis PCC currents, and perturbed dg-axis output currents of the converter as:
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E, A v, i, i,
I:E :| = qu,y/ [‘V] + qu,v |:"‘7 :|+ qu,i |:i }4_ qu,ig |:ig (12)
q q q g9

where s = 2n(f, - f1); ]:Zd,Eq,Vd,Vq,id,iq , igd , and igq are components at frequency f, — fi; and
matrices Tagy, Taqo, Tag1, and Tagis are defined for abbreviation as:

o _[HOHS] L [HOHE-Ky C,H,(s)
ay 0 » gy T ~C,H,(s) H (s)H.(s)— Ky, |’

T _{RVHV(s)H,.(s) —LVHV(S)H,.(S)} T _{H,.(s) L_/l (13)

LvHv (S)H[ (S) RvHv (S)Hi (S) _Lf Hi (S)

Since the cascaded control is carried out in dg-frame, the perturbed components of the virtual
rotor angular position will also affect the dg-axis output voltage references. The perturbed dg-axis
voltages and currents satisfy:

[V, V,] =T,.[V, V.| +7,.[8] (14)
|:id iqj| =T, |:ip ip2:|+T€,i [(ﬂ (15)
[igd igq] = Tpn2dq |:igp ingJ + Tﬂ,ig [é} (16)

where 0o, @o1, i1, and @ig1 are the initial angle of the virtual rotor angular position, PCC voltage, PCC
current, and output current of the converter, respectively, and matrices Tyn24g and Tox (x = v, 1, ig) are
defined for abbreviation as:

_ eijgo ejgo _ Xl,pu Sin (¢x1 - 90 )
Tandq - . 6 . g |° TH,x - (17)
_.]e 0 ]e 0 _Xl,pu cos (¢x1 - 90 )

According to the LC filter structure of the converter, the relationship between the perturbed
output current and PCC voltage and current can be represented as:

i, igpz]Tz[ip ipz]T+YLf[\7p vﬂ]f (18)

where s = j27tf, and matrix Y is the admittance of the filter resistor Rrand filter capacitor Cras:

Y, = diag{ ! +R (19)

-1
T e TR
sCp 7 (5=2jo)C,

Then, by substituting (14)—(19) into (12), the perturbed dg-axis output voltage references of the
cascaded control loop satisfy:

E . \Y I .
I:Ed} = Gsz [‘V] + Gv2E {‘A]p jl"’ GiZE l:i g jl"’ G:92E |:0:| (20)

q p2 p2

where detailed expressions of Gy2e, Guze, Gize, and Geze are as:

G,., =[H,(s)H,(s) 0] (21)
GVZE = qu,v ' Tandq + qu,ig : Tandq ' Ypf (22)
G12E = qu,i ' Tandq + qu,ig ' Tandq (23)
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G

G2F

= qu,v ’ TH,V + qu,i ' T€,i + qu,ig ' Tﬁ,ig (24)

2.3.4. Modeling of Modulation

According to Figure 1, the output current of the converter and the terminal voltage of converter
in a/b/c-phase can be expressed as:

L, Y0y 2
== L (O=V.(1) (25)
Ve ()=K,V, -E.(t) (26)

where x = 4,b,c indicating that, for variables in a/b/c-phase, K is the modulating coefficient and Vi is
the dc-link voltage.

In small-signal modeling, the perturbed voltage references in sequence domain can be
transformed from dg-axis as:

Ep - Ed E sin(g, -6,) |r-
{EAJ,,Z ] - (Tplﬂd‘] ) [Eq } + |:_E1 cos ((pel -6, )} [9] (27)

A

where ¢e, E,, and E ,» are the initial angle and the components at frequency f, and f, - 2fi of the

output voltage references from the cascaded inner control loop, respectively.

By substituting (27) into (25) and (26), and considering the filter admittance in (19), the perturbed
current can be described with voltage perturbations, the perturbed voltage references, and the
perturbed virtual angular position as:

L, =G Vo G E, G, |0
7G| || |+ G 9] (28)

p2 q

1 1
G,y =diagy——, —— =Y, (29)
2 { sL, (s—J2a)1)Lf} /
) K (s, K (s—j2w)V. -1
G = dla m dc m 1 dc T
E2i g{ Sl/f (S _ ]2601 )Lf ( pn2dq ) (30)
i K, (s)V,. -E i K 2oV, E |
G,gz,- — é m(S) de " _i m(S_-]. a)l) de "1 (31)
sL, 2 (s—Jj2m)L,

where s = j27tfy, w1 = 27tf1, and E:1 is the fundamental component of the output voltage reference; the
sampling and control delay is modeled in the transfer function Ku(s).

2.4. Small-Signal Models of VSG Controlled Converter System

The block diagram shown in Figure 2 can be used to describe the small-signal relationship in the
VSG controlled converter system, where blocks in four different colors correspond to the above
modeling of power relationship, power control, cascaded inner control loop, and modulation,
respectively.

Then, based on the small-signal relationship in Figure 2 and the model definition in (2), the
small-signal models of the VSG controlled converter can be obtained as:

Y, =(I-M,) " -M, (32)

where I is a unit matrix and M: and Mo are abbreviated as:



Energies 2020, 13, 5114 8 of 21

M, = GHZiGPZBGﬂp + GE2i (GiZE + ngEszeGizp + Gy/ZEGq2y/Gi2q) (33)
Mv = Gv2i + G6‘2iGp2¢9Gv2p + GEZi (GVZE + G&ZEGpZHGVZP + GI/IZEGqZI// (GVZq + GquGVZm )) (34)

model in model in model in model in
Section 2.3.1 Section 2.3.2 Section 2.3.3 Section 2.3.4

Figure 2. Small-signal relationship in the VSG controlled converter system.

To validate the correctness of the developed small-signal models in (32), frequency sweeping
experiments based on CHIL platform were applied to obtain the measured small-signal models as in
[23-25]. Detailed introductions about the frequency sweeping test are given in [28], and the picture
of the CHIL platform is given in Figure 3. The main circuit of the grid-connected converter system
was emulated in the Typhoon HIL 602+ platform with the time step of 1 us. Controllers were
implemented on a TMS320F28335 DSP+FPGA control board and the sampling and switching
frequency was set as 5 kHz. System and control parameters of the VSG controlled converter system
are listed in Table 1. The control bandwidths of active power controller, reactive power controller,
the cascaded voltage controller, and current controller were 1.7, 2.2, 54, and 155 Hz, respectively.

Figure 3. CHIL platform used in the following experiments.

Table 1. Parameters of VSG controlled converter system.

Parameter Value Parameter Value
Rated voltage, Us 690V Damping coefficient, Dy 400
Rated power, Sp 2.75 MW Voltage reference, |V |rs 1.0 p.u.
Rated frequency, fi 50 Hz Reactive power reference, Qre 0.0pu.
Power reference, Pref 0.5 p.u. Voltage droop coefficient, D, 0.02
Inertial constant, | 2s Integral coefficient, K 0.5
Filter resistor, Rr 0.003 p.u. Voltage controller, ko, koi 0.59 736
Filter inductor, Ly 0.08 p.u. Current controller, kip, kii 1.2714.3

Filter capacitor, Cr 0.074 p.u. Virtual impedance, Lo, Ro 0.20.01
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The measurements from the frequency sweeping test and analytical small-signal models Yvsc in
(32) are plotted in Figure 4. From the results in Figure 4, the following conclusions can be obtained:

(1) The analytical small-signal models Yvsc in (32) are in accordance with the measured results,
which proves that the developed small-signal models of VSG controlled converters with
cascaded inner control loop are correct.

(2) The magnitude of off-diagonal elements in the developed admittance matrix Yvsc is lower than
the diagonal elements except around the fundamental frequency, which means the frequency
coupling effect can be ignored except near the fundamental frequency.

Yu Y2

[*} O | N . k .
%-100 . !
= 200 , , ,
% |
> OW
i ¢

-200
m Y2 Y2
= , ,
[#}
E P
58
<
=
B
s
=
~

K L
109 10! 102 103100 10! 102 103
Frequency/Hz

small-signal models Y,sc % measurements from frequency sweeping test

Figure 4. Validation of small-signal models Yvsc.

3. Impedance Models and Impedance Characteristics of VSG Controlled Converter System

In this section, a SISO impedance model with simple mathematical expressions is simplified
from above small-signal models in (32), based on which the impedance characteristics of the VSG
controlled converter system with the cascaded inner control loop are analyzed.

3.1. A Simplified SISO Impedance Model

When focusing on the impedance shaping effects of cascaded inner control loop, the following
simplifications can be applied to the developed small-signal models Yvsc in (32) to obtain a simpler
expression to benefit following impedance analysis.

Firstly, since the control effects of the cascaded voltage—current controller are relatively limited
outside their control bandwidths, the sampling and control delay modeled by Ku(s) can be ignored
below 500 Hz (1/10 of the switching frequency 5 kHz). The resonance frequency of the filter inductor
and filter capacitor is about 650 Hz; thus, the influence of delay and filter capacitor are seen as the
characteristics in the high frequency range (above 500 Hz), and will not be concerned in the following
analysis. Then, under this assumption, Ku(s) equals constant gain Kw and satisfies Kn*Vac = 1, while
the admittance of the filter resistor and filter capacitor in (19) satisfies Y= 0.

Secondly, the frequency coupling effects caused by the active and reactive power control are
ignored since the control bandwidth of power controller (1-2 Hz) is much smaller than the cascaded
voltage and current controller (50-200 Hz). Then, under this assumption, the positive-sequence
admittance of VSG controlled converters in (32) can be obtained by calculating M«(1,1)/(1 — Mi(1,1)),
where (1,1) indicates the first row and first line elements in the matrices.
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Finally, setting the feedforward gain Krro = 1 and Krri = 0, simplifying the expressions according
to the control bandwidths of different controllers, and substituting the detailed expressions of Gpe in
(9) and Gpy in (10), a positive-sequence SISO impedance model can be simplified from (32) as (35).
The Appendix shows the detailed explanation and derivation of the simplified SISO impedance
model.

LS

N

Vs, 1 (S + jzﬂfi )Lf J a)base
Z¥~Z + + —-=.

J _J.
" H/(s) H/(s)-H(s) 2 Js2+Dps 2

(35)
where s = 27t(f, — 1) and Zo = Ro+ jLo.

Different from existing impedance models with high dimensions in [21,22], the impedance
model in (35) is a SISO model with simple mathematical expressions. Thus, the impedance
characteristics of the VSG controlled converters with the cascaded inner control loop can be presented
with a bode plot of (35), rather than a group of bode plots with pole maps as in [21,22]. The
mathematical expression of the SISO impedance model in (35) can also be applied to indicate how
each controller shapes the impedance characteristics of the VSG controlled converters and quantify
how the impedance characteristics are influenced by the control parameters in the following
impedance analysis.

3.2. Validation of Simplified SISO Impedance Model

Before identifying the impedance shaping effects of the cascaded inner control loop, the
correctness of the simplified SISO impedance model in (35) should be validated to define the
frequency range where the SISO impedance model applies, and the small-signal models Yvsc in (32)
are used as references.

Since the small-signal models in (32) is a 2 x 2 order admittance matrix, the following conversion,
as adopted in [25], is applied to (32):

_Y21'Y;2'ng2 eql _ 1
1+Y22 .ngZ ’ g Ypeq[

eql _
v =Y,

(36)

where Y and Z" are equivalent admittance and impedance model of the small-signal models

Yvsc in (32) and Zg and Zg: are defined as the impedances of ac-grid at frequency f, and f, — 2fi,
respectively.

If the cascaded inner control loop is not adopted in the VSG control strategy, the switch of
modulation references in Figure 1 turns to the lower side to directly select the virtual EMF as d-axis
voltage reference, and the VSG control strategy becomes the same as in [8-14]. Then, according to the
small-signal relationship shown in Figure 2, the small-signal models without the cascaded inner
control loop can be obtained by applying the following simplification in (37) to the developed small-
signal models Yvsc in (32).

1 0 0 0 0 0
Gsz: 0 ,Gop = 0 0 Gy = 0 0 Gyop = 0 (37)

Similar to (32), the simplified SISO impedance model of VSG controlled converters without
cascaded control loop can be solved with (34) as:
Vsg,0, . J a)b S ,] K
7% = (s+ j2nf))L, — = —E— - —
? (s+j2mfL, 2 JS2+DPS 2 s (38)
where s = j271(f, - f1).

For VSG controlled converter systems, the simplified SISO impedance model in (32) and the
equivalent small-signal model (33) are shown in Figure 5, where the system and control parameters
are kept the same as in Table 1. The connected grid is assumed inductive and the corresponding short
circuit ratio (SCR) is set to 3. The impedance characteristics of VSG controlled converters without
cascaded inner control loop are also plotted for comparison.
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Figure 5. Impedance characteristics of VSG controlled converters.

Figure 5 shows that, whether the cascaded inner control loop is adopted in the VSG strategy or
not, the simplified SISO impedance models in (35) and (38) both accord with the corresponding
equivalent small-signal models obtained from (36) in the low frequency range (1-100 Hz). Thus, the
simplified SISO impedance model in (35) can be applied to identify the influence of the cascaded
inner controller loop within the low frequency range in the following analysis.

3.3. Impedance Characteristics of VSG Controlled Converters with Cascaded Inner Control Loop

Figure 5 also shows that the application of cascaded inner control loop in the VSG strategy can
significantly shapes the impedance characteristics of the VSG controlled converters. The impedance
characteristics with cascaded inner control loop can be summarized as:

(1) The magnitude of VSG controlled impedance increases in the wide-band frequency range with
the application of cascaded inner control loop.

(2) The impedance of VSG controlled converters can become capacitive below the fundamental
frequency with the application of cascaded inner control loop, while the impedance without
cascaded inner control loop is generally inductive.

4. Influence Analysis of the Cascaded Inner Control Loop on Impedance characteristics

In this section, the capacitive impedance characteristics of the VSG controlled converters with
cascaded inner control loop are concerned and the frequency range of interest is selected as the
frequency below the fundamental frequency. The SISO impedance model in (32) is applied to identify
the specific causes of capacitive impedance characteristics in VSG controlled converters. The
influence of control parameters in the cascaded inner control loop is also quantified by differentiating
the mathematical expression of the developed SISO impedance models in (32).

4.1. Causes of Capacitive Impedance Characteristics

According to the simplified SISO impedance model in (32), the impedance model can be written
as the sum of five parts, where the first three parts are related to the cascaded inner control loop with
the virtual impedance and the last two parts are determined by the active and reactive power control.
The real and imaginary expressions of (32) can be solved by substituting s = j27t(f, - f1) into (32) to
obtain equivalent resistance and reactance in p.u. with frequency f, variation as:

R(f,) =R, + R, (f,)+ Ry, (f,)+ Ry (f,)+R,(f,)

X)) = L+ X (f)+ X () + Xo(f)+ X, () 39)

where Ro and Lo are constant virtual resistance and inductance. Expressions of Riw(f), Ruoni(fp), Xi(fy),
and Xi(fy), which are related to the cascaded inner control loop, are listed below with w =27 (f, - f1).
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R(f)= o’k R(f)- ~o'L, (kk, +k,k,) 20

Pk, kT kg — 0tk K, )+ @ (kg + ) 40
ok’ ~a’L, (kk;, — &k, k,)

th(fp)z thhi(fp)z - (41)

0k + k2 (kky — @k, ) + @ (k k, +k, k)

vi'Vip vp il

According to (36)—(38), results of equivalent resistance and reactance are plotted in Figure 6,
where parameters are the same as in Figure 5.

Frequency/Hz

— R(f,) and X(f;) - - - - Ryand L, ===~ Ru(fy) and Xj(f)) ===-~ Runi(fp) and Xinidf)

Figure 6. Equivalent resistance and reactance in p.u. of VSG controlled converters with cascaded inner
control loop.

By comparing the equivalent resistance and reactance in (36) with the results obtained from (37)—
(38), conclusions about the causes of capacitive characteristics can be reached from the results in
Figure 6:

(1) Since w=2mn(fy— fi) <0 when f, < fi, the reactance obtained from Xw(fy) in (38) stays negative below
the fundamental frequency, which means that the capacitive impedance characteristics are
mainly caused by the effects of voltage controller in the cascaded control loop.

(2) The resistance obtained from Rwwni(fp) in (37) are negative below the fundamental frequency,
which means the control effects of the cascaded voltage—current controller tend to cause negative
resistance in this frequency range.

(3) The resistance and reactance obtained from the R» and L. are both positive, which means the
virtual impedance control can both reduce negative resistive and capacitive characteristics by
choosing positive virtual resistance and virtual inductance.

4.2. Influence of Control Parameters in Cascaded Inner Control Loop

In the following, the simplified SISO impedance model in (32) is differentiated with respect to
each related control parameter x, and the real and imaginary parts of this differential expression are
calculated to refer to the influence on the equivalent resistance and reactance of the impedance

dR az* ax az*
- =Relx- , | — =Im<x- (42)
dx . dx dx o dx

Based on the differential expression in (39), the absolute value of (39) can represent the influence
ability of this parameter in p.u., and the sign of the real and imaginary part reflects the influence

characteristics as:

direction of this parameter.

For example, if (dR/dx)px. <0 and |dR/dx| p.u. is not close to zero in a certain frequency range, it
represents that decreasing control parameter x will increase the equivalent resistance (equally to
reduce the negative resistive characteristics) in this frequency range.
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Similarly, if (dX/dx) pu. > 0 and |dX/dx| pu is larger than zero in a certain frequency range,
increasing control parameter x will increase the equivalent inductance (equally to reduce the
capacitive impedance characteristics) in this frequency range.

The gain and integrator coefficients of the cascaded voltage controller and current controller are
calculated with the differential analysis in (39), respectively, and the differential results below the
fundamental frequency are given in Figure 7, from which it can be observed that:

(1) The negative resistive characteristics below the fundamental frequency can be reduced by
increasing ki and kup, or by decreasing ke, and the influencing ability of kii is as not significant as
the other control parameters in cascaded control loop.

(2) The capacitive impedance characteristics below the fundamental frequency can be reduced by
increasing ke and kei, and the influence ability of current controller is not as significant as the
voltage controller.

dZdkip 0™ dZ/dii

dZ/dkvp 0 dZ/dkvi

-0.05 /
-0.1
-0.15

-0.2
0.4

6 .

2 0.2

0 0 0.02 0.1

-2 -5 0 0

20 40 20 40 20 40 20 40
Frequency/Hz

0.1

dX/dx

Figure 7. Influence of cascaded voltage—current control parameters on the impedance characteristics
of VSG controlled converters.

5. Impedance-Based System Stability Analysis of VSG Controlled Converters with Weak Grid

In this section, impedance-based stability analysis is carried out to analyze the possible system
instability of VSG controlled converters with the different kinds of weak grid. The influence of the
cascaded inner control loop on the system stability are also provided by changing the control
parameters. CHIL-based experiments were also carried out to validate the instability cases.

5.1. Possible System Instability with Different Weak Grid

The system stability of converters and the connected grid can be analyzed with impedance
models. According to the impedance characteristics of VSG controlled converters, the following two
conditions with different kinds of weak grid may lead to possible system instability:

(1) When connecting with the inductive weak grid, the capacitive impedances characteristics that
shaped by the cascaded inner control loop may be incompatible with the inductive weak grid,
especially when there is negative resistance in the capacitive frequency range.

(2) When connecting with the series-compensated weak grid, the inductive impedance
characteristics of converters may be unmatched with the capacitive grid, while the capacitive
impedances characteristics shaped by the cascaded inner control loop can match the capacitive
grid better.

In the following, two cases are provided to verify above two possibilities, and the influence of
cascaded inner control loop on these possible instabilities are verified by changing the control
parameters. CHIL-based experiments were also carried out to validate these cases.

5.2. System Instability with Inductive Weak Grid — A Case Study

In this subsection, a case to verify the possible instability of VSG controlled converters with
inductive weak grid is provided. In this case, the parameter ki is decreased from 1.0 to 0.2 p.u., while
other parameters are unchanged as in Table 1 and the SCR of the inductive weak grid is kept as 3.
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The impedance characteristics of VSG controlled converters with the inductive weak grid and
the corresponding Nyquist plot are given in Figure 8. Figure 8a shows that, when adopting the VSG
control strategy with cascaded inner control loop, the phase below the fundamental frequency
decreases after decreasing the ki, which accords with the analysis in Section 4.2 that the negative
resistance in this frequency range can be reduced by increasing kip. In contrast, the impedance of VSG
controlled converters without adopting cascaded control loop is generally inductive in the wide
frequency range, and accords with the inductive grid impedance, as shown in Figure 8a.

In Figure 8b, the Eigen loci of VSG control strategy without cascaded inner control loop are away
from (-1, j0) point, while the Eigen loci of VSG control strategy with cascaded inner control loop circle
the (-1, jO) point at the frequency about 15 Hz after decreasing the ki, from 1.0 to 0.2 p.u., which
predicts that the system becomes unstable when ki, decreases to 0.2 p.u. in this case.

m 2

o

> 1.5

=

) 505

o & -0.5¢

% 100; E

=

= 0 -L5p 7

-100 | _ LF S S R Wi el O
100 10! 102 103 3210123 45

Frequency/Hz Real axis

VSG with cascaded control, k;,=1.0p.u.
VSG with cascaded control, k;,=0.2p.u.
VSG without cascaded control

grid impedance (SCR=3)

VSG with cascaded control, k3,=1.0p.u.
—— VSG with cascaded control, k;,=0.2p.u.
VSG without cascaded control

(a) (b)

Figure 8. Stability of VSG controlled converters with the inductive weak grid: (a) impedance
characteristics; and (b) Nyquist plot.

Time-domain simulations based on Simulink and CHIL-based experiments were both carried
out to verify above system stability analysis. In simulations and experiments, parameters of VSG
control strategy and the SCR of the inductive grid were kept the same as the former impedance-based
stability analysis, and the control parameter ki changed from 1.0 to 0.2 p.u. to cause this instable case
after the VSG controlled converter with the cascaded inner control loop reached a stable operating
state and generated about 1.375 MW active power to the connected weak grid.

In simulations, parameter ki changed from 1.0 to 0.2 p.u. at 10.5 s. The waveforms of active
power and reactive power are plotted in Figure 9, where resonances at 36 Hz (fundamental 50 Hz
minus 14 Hz) can be observed in the active and reactive power, and the amplitude of resonances
increases with time.

£0.5002f  kip docreases ~10.0008
3005 A 0.0006 g
= 0.4998[ ] 0-0004 2
& 0.4996[ 36Hp | 00002 F
0.4994 , ! . 0
10 10.5 11 115 12
Time/s

Figure 9. Simulation waveforms of active power and reactive power in p.u. in the VSG controlled

converter when ki decreases (blue lines, active power; orange lines, reactive power).
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In CHIL-based experiments, the control parameter ki changed from 1.0 to 0.2 p.u. and then
changed back to 1.0 p.u. after 0.5 s. The system current in phase-a/b/c and the active and reactive
power generated from the VSG controlled converter to the inductive weak grid are plotted in Figure
10.
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Figure 10. Waveforms of system current and active and reactive power when ki decreases.

Figure 10 shows that, before decreasing the parameter ki in the cascaded control loop, the VSG
controlled converter operates stably with the connected weak grid. When the parameter ki, decreases
to 0.2 p.u., resonances arise in waveforms of system current, active power, and reactive power, and
resonances are suppressed when the parameter kip increases back to 1.0 p.u. Besides, resonances in
the active and reactive power are at around 35 Hz (fundamental 50 Hz minus 15 Hz), which accords
with above impedance-based stability analysis that the impedance characteristics of the VSG
controlled converter and the inductive weak grid are mismatched with a small parameter ki» since the
corresponding Eigen loci circle the (-1, j0) point at the frequency about 15 Hz, as shown in Figure 8b.

It should be noted that the control of the converter was simulated in the Simulink platform,
while controllers were implemented on a TMS320F28335 DSP+FPGA control board and with the
sampling and switching frequency set as 5 kHz in CHIL-based experiments. Thus, the control effects
of the hardware controller applied in the experiments and the simulated controller in simulations
were slightly different due to the sampling error, control delay and other factors, which then led to
different impedance characteristics of VSG controlled converters in experiments and simulations to
some extent. Therefore, the resonant frequencies in experiments and simulations are slightly different
in Figures 9 and 10. However, even though there are some slight differences from simulation results,
the experimental results in this manuscript are still valid and accord with the theoretical impedance-
based stability analysis.

It should also be noted that decreasing ki to 0.2 p.u. is an example to explain that the operation
of VSG controlled converters may be unstable with the inductive weak grid due to the capacitive
impedance characteristics shaped by the cascaded inner control loop. According to the impedance-
based analysis in Section 4.2, the instability can also be avoided by increasing ku, ki, and Ro to increase
the equivalent resistance in the capacitive frequency range.

5.3. System Instability with Series-Compensated Weak Grid —A Case Study

In this subsection, a case to verify the possible instability of VSG controlled converters with
series-compensated weak grid is provided. Parameters of VSG control strategy are kept the same as
in Table 1, and the compensated level of the series-compensated grid is set as 10%. Impedance
characteristics and Nyquist plot of the grid-converter system are given in Figure 11.
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In Figure 11a, the impedance characteristics of the VSG controlled converters with cascaded
control loop and the compensated grid both can behave capacitive below the fundamental frequency,
while the magnitude curves of VSG strategy without cascaded inner control loop and the series-
compensated grid intersect at the frequency about 13 Hz, and the phase difference between the grid
and the converter is around 180 degrees.

As shown in Figure 11b, the Eigen loci of VSG strategy without cascaded inner control loop cross
the (-1, jO) point at the frequency about 13 Hz, while the Eigen loci with cascaded inner control loop
keep away from the (-1, jO) point. This system stability analysis predicts that, when connecting with
this series-compensated grid, the application of cascaded inner control loop can avoid causing
resonances in the interconnected system.
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- £ o

° & -0.5
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-100E====== z2 ‘ 2 :
100 ol 102 10° 32-101 23 45
Frequency/Hz Real axis
G With cascaded control —— VSG with cascaded control
s VSG without cascaded control .
---- grid impedance (compensated level 10%) B VSG without cascaded control
(a) (b)

Figure 11. Stability of VSG controlled converters with series-compensated grid: (a) impedance
characteristics; and (b) Nyquist plot.

The above analysis can be verified by both time-domain simulations based on Simulink and
CHIL-based experiments. In simulations and experiments, parameters of VSG control strategy and
the compensated level of the series-compensated grid were kept the same as the former impedance-
based stability analysis shown in Figure 11, and active power reference of the VSG controlled
converter was set as 1.375 MW. When the grid-converter system reached the stable operating state,
the cascaded inner control loop was disabled and then re-enabled later to compare the different
system stability of VSG controllers with and without cascaded inner control loop.

In simulations, the cascaded control loop was disabled at 6 s and re-enabled at 7 s. The
waveforms of PCC current in phase-a, the active power, and reactive power are plotted in Figure 12.
FFT analysis was applied to the current waveform from 6 to 7 s, and the FFT results are plotted in
Figure 13. Figure 12 shows that, when the cascaded inner control loop was disabled at 6 s, resonances
were caused, and, when the cascaded inner control loop was re-enabled at 7 s, resonances were
suppressed. In Figure 13, the most significant resonant components of the system current in phase-a
from 6 to 7 s are at frequencies 13 and 14 Hz.
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Figure 12. Simulation waveforms when disable/enable the cascaded control loop in the VSG
controlled converter with the series-compensated grid: (top) system current in phase-a; and (bottom)
the blue line is active power and the orange line is reactive power.
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Figure 13. FFT analysis of resonant current in grid-converter interconnected system.

In CHIL-based experiments, the system current in phase-a/b/c, active power and reactive power
generated from the VSG controlled converter to the compensated weak grid are plotted in Figure 14.
Figure 14 shows that, before disabling the cascaded inner control loop in the VSG strategy, the VSG
controlled converter operated stably with generating about 1.375 MW active power to the
compensated weak grid. When the switch of modulation references turned to the lower side, as
shown in Figure 1, to directly select the virtual EMF as d-axis modulation reference, the cascaded
inner control loop was disabled in this VSG strategy. In Figure 14, when the cascaded inner control
loop is disabled, resonances are caused in the waveforms of system currents, active power, and
reactive power, and the resonances gradually reduce when the cascaded control loop is re-enabled.
Besides, the resonances in the active and reactive power are about 37 Hz (fundamental 50 Hz minus
13 Hz), which accords with the above stability analysis in Figure 11 that the impedance characteristics
of the VSG controlled converters without cascaded control loop are mismatched with the impedance
characteristics of compensated weak grid at 13 Hz.

Display Groy Acgode : Normal
B0 W8 tai
(EIEE :
s 15:oaay amp> I <100 /div
] i ‘ |
o i ‘ ,
‘
Enable cascaded Disable cascaded control | Re-enable
control ! cqscaded control

labc

&
= g
")
]
]
% & =~37Hz
2 E R R NP AP NP NP N N N N NN NN
Qi ! ‘
E : X -83ns
= X2 -80Tns
i‘nﬂﬂ' | ] 21.0ns |
ams oy | 174X 37.03704Hz: DM s
Stopped

M5B
2020.’05/!0 22:34:14.83919211 Auto 2020/06/10 22:35:10

Figure 14. Waveforms of disable and re-enable the cascaded inner control loop in VSG control strategy
with series-compensated grid.
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Therefore, different from the possibly poor system stability with the inductive weak grid, the
capacitive impedance characteristics of the VSG controlled converters with the cascaded control loop
match the series-compensated weak grid better. This case study can also be seen as an example to
explain the possible advantage of adopting the cascaded inner control loop in VSG strategy.

6. Conclusions

In this paper, a SISO impedance model with simple mathematical expression is obtained from
the small-signal modeling of the VSG controlled converters with cascaded inner control loop. Based
on the simplified SISO impedance model, the impedance shaping effects of cascaded inner control
loop are identified, and the influence of control parameters on system stability are quantified by
differential analysis. Possible system instabilities of VSG controlled converters with different kinds
of weak grid are revealed and validated with CHIL-based experimental cases.

The main conclusions are summarized as follows:

(1) The impedance characteristics of VSG controlled converters with cascaded inner control loop
can become capacitive below the fundamental frequency, which is mainly caused by the voltage
controller in the cascaded control loop. The cascaded voltage and current controller with the
virtual impedance can also shape the capacitive and negative resistive characteristics in this
frequency range.

(2) The capacitive impedance characteristics can benefit the compatibility of converters operated
with the series-compensated weak grid but may deteriorate the system stability with the
inductive weak grid. Possible system instabilities can be avoided by increasing control
parameter ke, kip, and virtual resistance R. to reduce negative resistance in the capacitive
frequency range.
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Nomenclature
V,LLE voltage, current, and modulation signals
P,Q, IVI active power, reactive power, and voltage magnitude
abc, dg, dc subscripts indicating variables are in a/b/c-phase, on d/q-axis, or on dc side
ref subscript indicating variables are reference variables
Ls, Ct, Re filter inductor, filter capacitor, and filter resistor of the converter
Vg zg grid voltage and grid impedance
s virtual back electrical magnetic field
0 virtual rotor angular position
Wpu per unit angular speed
Wgpu per unit angular frequency of the connected grid
] inertial constant
Dp damping coefficient of active power
Dq voltage droop coefficient
K integral coefficient of reactive power controller
Ly, Rv virtual inductor and virtual resistor
Kerri, Krry feedforward gain of current and voltage
Kvp, kvi proportional and integral coefficient of cascaded voltage controller
kip, kii proportional and integral coefficient of cascaded current controller

Hu(s), Hi(s) transfer functions of the cascaded voltage and current controller
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~ bold variables with symbol * above indicating variables are perturbed frequency
X components

1,p, p2 subscripts indicating components at fundamental frequency, frequency fp, and frequency fp
TE - 2f1

Gy small-signal blocks to describe the small-signal relationships between variables x and y
Tmn abbreviations of transfer matrices between variables m and n
Yvsc small-signal models of VSG controlled converters in 2 *x 2 order admittance matrix
Yer 2 X 2 order admittance matrix model of the filter resistor Rr and filter capacitor Cs
778 ) Z7seop SISO impedance model for VSG controlled converters with/without the cascaded control
P loop
Yz equivalent admittance/impedance of the small-signal models
VSG virtual synchronous generator
SISO single-in-single-out
CHIL control-hardware-in-loop
SG synchronous generator
REGS renewable energy generation system
PLL phase-locked loop
EMF virtual back electrical magnetic field
pPCC point of common coupling
Appendix A

Based on the small-signal modeling in Section 2, the small-signal models of the VSG controlled
converter can be described by a 2 x 2 order admittance matrix Yvsc in (32), whose detailed expressions
can be obtained by substituting the detailed expressions of each blocks Gz as given in Section 2.3.

Then, with the simplification in Steps 1-3 in Section 3.1, the impedance of VSG controlled
converters can be simplified as:

. J J
1-M,(L1) ZHH +H +(s—jo)L, +EFW.(S) -G, +EF9’i(S) Gy
simpl M‘(l,l) -

. . (A1)
(Hv —]a)lcf)Hl _éFy/,v(s).quvl +%F0,V(S).GP20

where Z» = Ro+ jLo and expressions of transfer functions Fy,;, Fy,o, Fo., and Fe,. are:

E, (s)~ H,()H,(s), F,,(s)~H (s)H,(s)(L,e """ — jD, V)

Fg,i (s)~ (HV (s)— ja)lcf )Hi (s)+ (HI. (s)— ja)lL/_ )(Iglefj(pvnjwigl )+ Z H,(s)H (s) (Ile*j(ﬂvlJrj(pil ) (A2)
F, ()= (H ()= jo,C, ) H,(s)(L,e ™" )+ (H () = jor L, ) (1,1 )+ Z,H,()H () (1,1,

For VSG controlled converters, the control bandwidths of the active and reactive power
controllers (1-2 Hz) are much smaller than the cascaded voltage controller and the cascaded current
controller (50-200 Hz). Then, according to (A2), the denominator of (A2) is dominated by the
multiplication of cascaded transfer function H(s) * Hi(s) and the expressions of power controllers Gy2o
and Ggy in the denominator can be simplified to zero, which means (A2) is further simplified as
follows:

ZHH, +H, +(s— jo)L, +§F ()G, +§F9,i(s>Gpw

z (A3)

simp2 "~ (HV _]a)lcf )Hl

Besides, within the control bandwidth of the cascaded voltage controller (54 Hz in this
manuscript), the value of Hu(s) * Hi(s) is larger than Ho(s). Then, within the frequency range 54 Hz
below the fundamental frequency to 54 Hz above the fundamental frequency (1-100 Hz for

convenience), the expression of transfer function Fe,(s) in (A2) can be further simplified as:
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F,(s)~(H,(s)~ jo.C, ) H (s)+Z,H,(s)H,(s)(1,e"") (A4)

Furthermore, the decoupling gain of voltage controller in (A3) and (A4) is ignored, and

substituting the above-simplified Fo,i(s) to (A3), (A3) is then simplified as:

sL, ; 4
Z,  ~7Z + ! + / +iG2 +i(1+ZV11)G29
g H(s) HH(s) 2 2 ,

1 sL, j j . o
Z, +H ( )+H ( )H( )+5quw +5sze , since Z I, <1 in this case
L (s L) H, (s

(A5)

~
~

Finally, substituting the detailed expressions of Gpe and Ggy to (A5), the simplified SISO

impedance model of VSG controlled converters can be obtained as (35) in Section 3.1.
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