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Abstract. The robustness of the grid-connected inverter (GCI)
system in weak grids is deteriorated due to consider discrete
characteristics of the GCI control system. Under the same
main circuit parameters and control loop parameters, the small
signal models of the GCI controlled with continuous «f -
impedance model and hybrid ¢f -impedance model are
constructed, respectively. Compared with the small-signal
hybrid impedance model of the GCI controlled in dg domain,
the number of control loops of GCI controlled in ¢f domain is
one less. Moreover, the rationale behind the enhanced stability
of the GCI system governed by a hybrid af -impedance
control scheme, as compared to one based on hybrid dg -
impedance control, is examined and elucidated. This lays a
theoretical underpinning for the analysis and development of a
discretized control loop to enhance the stability of the GCI
under weak grid. Finally, the theoretical analysis is confirmed
through simulation and experimental validations.
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1. Introduction

Recently, the swift and substantial growth in renewable energy
sources, particularly wind and photovoltaic power generation,
has spurred intense interest and concern regarding the stability
and robustness of grid-connected inverter (GCI) systems [1],
[2]. As these systems play a critical role in integrating
renewable energy into the grid, ensuring their stability has
become a paramount issue within the energy industry [3,4].
Moreover, the GCI often serve as a critical interface between
renewable energy sources and the grid [5,6]. When GCI is
connected to a weak grid, the presence of grid impedance and
the influence of phase-locked loop (PLL) bandwidth will make
the dynamic performance of the control system more complex,
and stability problems of the GCI increasingly prominent [7],
[8]. Based on this, the stability analysis approach of impedance
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modeling has become an important method for GCI system
stability analysis [9,10].

Significant scholarly contributions have been made in the field
of impedance-based modeling and stability analysis for grid-
connected inverter systems. According to impedance modeling,
the coordinate conversion mode can be divided into two
categories: 1) in the ¢ domain or the stationary reference
frame: 2) in the synchronous rotation coordinate system of the
dg domain.

In [11], the dgq -impedance model of GCI system with

considering the PLL influence is constructed, and the key
factors influencing of system stability are analyzed. The
construction of sequence impedance models for GCI in the
synchronous reference frame is detailed, with emphasis on the
decoupling of the positive and negative sequence subsystems,
as described in [12]. A single-input single-output (SISO)
framework is put forth [13] to illustrate the interaction between
the phase-locked loop (PLL) and the controller of the GCI
system with respect to grid synchronization. By establishing a
3x3 dg -impedance model in [14], that includes AC side

impedance information, DC side impedance information, and
AC/DC side coupling impedance information. the specific
operating status of VSC in weak grids can be more accurately
predicted. The works in [15], a simple dg -impedance extension

method is proposed and considers all unbalance factors to
derive the impedance model of the converter. The linear active
interference suppression controller is applied to the PLL, the
ability to suppress oscillation instability of the system is
enhanced [16,17]. In [18], the PLL is improved by adding a
second-order filter to reduce the negative effects of frequency
coupling, thereby improving the stability of system operation.
The works in [19], small-signal models for GCI control are
developed in both dg domains and o8 domains, which reveals
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the stability of GCI controlled in af domain is superior to in
dg domain.

The studies mentioned above failed to account for the discrete
nature of the control systems during the sampling process. All
aspects of the system are considered as continuous-time
models. However, it should be noted that GCI typically employ
discrete digital control modes, making them hybrid systems
[20]. As most traditional modeling methods fail to account for
the discrete features of system, their stability results are often
inaccurate. Moreover, it should be highlighted that there is a
notable discrepancy in the phase margin (PM) once the discrete
attributes of the GCI system are considered [21]. The work in
[22], a technique for high-frequency impedance modeling of
multiple variables is introduced, aiming to precisely capture
frequencies exceeding the inverter's control bandwidth. This
approach employs a pure discrete model to formulate the
inverter's output admittance, along with a discussion on
designing LCL filter parameters [23]. The modeling process
becomes intricate due to the retention of impractical infinite
series. Additionally, a GCI discrete-time current control
strategy is proposed in [24], demonstrating adaptability to
varying test parameters. An enhanced damping analysis
approach is put forward in [25] to optimally achieve the
maximum damping potential of GCI. Furthermore, [26]
introduces a discrete-time model based on a wind turbine
emulator, proposing an inertia compensation method focused
on anticipated deviation suppression. However, frequency-
domain stability analysis and verification of the established
discrete-time models were not conducted. The works in [27]
offers a stability assessment method based on SISO hybrid dg -

impedance model norm. However, it may still provide a stable
assessment for an unstable system.

To address above-mentioned challenges, a SISO hybrid af -
impedance model is proposed to analyze system stability in the
article. Firstly, the hybrid o8 -impedance model is derived with
considering the discrete characteristics. Based on thus, the
stability is assessed through changing line impedance
parameters and PLL bandwidth. The analysis results are
verified by theoretical analysis and experimental. Compared to
the hybrid dg -impedance model in [27], the proposed hybrid
af -impedance model is simplified control process and
exhibits lower conservatism. The same time, this implies that
in the discrete-time domain for stability analysis provides a

more accurate assessment of the GCI system's oscillatory
instability.

2. Establish of -Impedance Model of GCI System

To analyze and compare the stability of the GCI control system
with modeling in continuous-time and discrete-time domains,
in first, the SISO both continuous and hybrid impedance
models are established in ¢f coordinate system. Then the

systems stability is compared and analyzed by Bode diagram.

Figure 1 depicts the typical structure of the GCI system within
the a8 coordinate framework.
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Figure 1. Typical structure diagram of GCI system

Where Uy is DC-side voltage, the GCI is equipped with an
LCL filter (L1, Cr and L») and an AC-side damping resistor
(Rg). PCC voltage (uo), grid-connected current (i,), grid
voltage (ug), grid impedance (Zg), lodarer and logrer denote the
respective d-axis and g-axis components of the reference
current for the grid-connected system. Gi(s) is the current PI
controller; Vmqp is the modulation signal output, the phase
angle is tracked using a SRF-PLL.

A.  Establish the SISO Continuous Impedance Model

According to Figure 1, the fundamental mathematical model of
GCI in the ¢f domain can be obtained, as depicted in Figure 2.
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Figure 2. Fundamental mathematical model of GCI
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The output current I,(s) of the GCI, as depicted in Figure 2, can
be expressed as:
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Taking into account the negative effects caused by PLL [10],
the transfer function between the grid voltage disturbance
Auo(s) and the grid current disturbance Aiorer(s) can be obtained

Ai . (s)
G — oref
prr (8) Au, (s) 3)
:l by (s —j@) +ki,,
2 (5= j)* +U oo [y (5= J0) +h |

Drawing from the previous discussiop, Figure 3 depicts the

small-signal impedance model of the GCI system, which
includes the influence of the PLL [28].
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Figure 3. The small-signal impedance model of GCI system
Combining (1) and Figure 3, Ais(s) can be obtained as follows:
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where Imo represents the amplitude of the grid rated current.

Figure 4 illustrates the Norton equivalent circuit of the GCI
system, which is derived by integrating the mathematical
expressions from (4) with the detailed impedance model shown
in Figure 3.
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Figure 4. Norton equivalent circuit of GCI

where ZprLop(s) and Zinvap(s) are

Zotrap (s) = J(s) L Gp (5) (5)
Zinva/f (S) = = J(S)

G,(s)

Then the SISO continuous impedance model Z,qp(s) is
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B.  Establish the SISO Mixed Impedance Model

In section 2.A, all stages are treated as continuous model,
which has a certain deviation on the analysis results of system
stability. Therefore, accounting for the system discrete
characteristics and establishing its hybrid impedance model are
the work of this section.

Mathematical model of GCI hybrid system is shown in Fig.5.
U, and I, are the continuous voltage and current outputs signals
of the inverter. After a sampling process with T, digital signals
U, and I, are obtained and sent to the digital controller for
processing. Given that the higher-order harmonics resulting
from the switching process can be considered negligible, the
modulating signal produced by the digital controller is
converted into the real inverter port voltage through the action
of a zero-order hold (ZOH). Where ‘*’ indicates the sampling
process. In other words, the corresponding voltage and current
signals or the controller transfer function are discretized.

Control systems E : N
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Figure 5. Block diagram of GCI mixed system

After considering the sampling process, Figure 5 can be
represented by SISO hybrid small-signal model as shown in
Figure 6. It is worth noting that, in comparison to the small-
signal hybrid impedance model of the system in the dg domain,

in the a8 domain has one less control loop [13].
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Figure 6. SISO hybrid small-signal impedance model of GCI

From Figure 6, it can be obtained:
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where Gi(s) is the transfer function expression for the ZOH,
Gi(z) and GprL(z) are the discretized signals of the Gi(s) and

T
PLL: HP](Z): kp*PLL+ki7PLL(Z—X 5 kp—pll and ki—pll are the

-1
proportional-integral (PI) coefficients of PLL.

Combining (7) and (11), it can be derived.

Ai, = F(s)I,,Gp (2)Au, — F(s)Ai, — G,(s)Au, (12)
where F(s) = G,(s)G,(s)G,(s)z ’IKPWMG,M(Z)
Discretizing both sides of (12) yields:

a = 0 Gs @) e (GOB,) (13
1+ F(s) 1+ F (s)

where Au, (s) and Ai, (s) are the sampled voltage and sampled
current, F*(S) =G,(2)G\(2)z 71KPWMGiaﬂ(Z) :

As the impedance model of GCI should represent the
mathematical relationship between continuous voltage and
continuous current, substituting (14) into (12), Ai, is

Ai, = m[lmocm(z)mg +(Gy(9)Au,) |-Gy ()2u, (1)

Utilizing Poisson’s sum formula on (14) and then simplifying,
it can be obtained that
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g = FO G @)y, GOTFO-F6)  (15)
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Based on (15) and Figure 6, similarly the Norton equivalent
hybrid small-signal circuit of the GCI system can be described
in Figure 7.
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Figure 7. Norton equivalent mixed small-signal circuit of GCI in the
off domain

From Figure 7, it can be obtained:
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respectively.
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Then the stability of the GCI system can be ascertained by
examining the phase margin (PM) associated [29,30] with the
crossover frequency on the magnitude plots of Z(s) and Z, (s).
In other words, if the phase margin is positive, the system is
deemed stable.

3. Stability Assessment based on SISO Impedance Model

In this section, an examples of Figure 1 is used to demonstrate
the application of the small-signal stability evaluation method
based on the hybrid impedance model in ¢ domain, the related
parameters are given Table 1. The calculation examples of the
influence of two parameters are designed to comparative
analysis based on hybrid impedance model in dg domain [13]:

(1) the effect of grid impedance on GCI stability. (2) The effect
of PLL bandwidth on GCI stability.



Table 1. The main parameters of GCI system

Parameters Value
Use 700 V
P 14 kW
L 1 mH
Rq 2Q
G 10 uF
U, 220V
fo 50 Hz
kolki 0.6/300
fs 10Hz
A. The Effect of Grid Impedance

The drawn bode diagram of Z; with Z,,, and Z,; based on two
impedance models is shown in Figure 8, which Z,,, is output
impedance of GCI based on hybrid dg -impedance model [13].
When L~10mH (SCR=3.28), fpL.=104Hz, other parameters
coincide with the initial system. The PM of GCI system is
PM=2.1°>0 based on Z,,, and PM=4.9°>0 based on Z,;, which

odq

indicate that the GCI system is stable.

In Figure 9, when L parameter is set to 11mH (SCR=2.99),
the bandwidth of PLL remains unchanged, the PM of GCI
system is 2.3°>0 based on hybrid dg -impedance model Z,,,,
which indicates the system is stable. However, based on the Z,
the corresponding PM is -0.4°<<0 at the intersection frequency,
which indicates the system is unstable. Therefore the GCI
system based on hybrid o -impedance has lower conservatism

than based on hybrid dg -impedance.

2 40

m e .

% 30‘ Zogy —Zuaﬂ izg 22 T T T T v
LR RS
=10 21 > ]
<0 , 20.5

200 -80 T w
Buoo l -85 /H.-af_..,-f’
N 290 ‘_’_J_,.'-‘-"""-?

g 0 __/a\ o5 87.9° :PM=2.1°

£100 | 155 160 165 170 175

102 103

Frequency (Hz)

Figure 8. Stability analysis results under Ls~10mH (SCR=3.28),
pr]_=104HZ
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B. The Effect of PLL Bandwidth

Figure 10 displays the amplitude frequency characteristic
curves of Zg with Z,,, and Z,, based on two impedance models,
respectively. When fpr1=86Hz, L;~=12mH (SCR=2.74), other
parameters coincide with the initial system. The PM of GCI
system is PM=4.6°>0 based on Z,,s and PM=1.8°>0 based on
Z,;, which indicate that the GCI system is stable.
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Figure 10. Stability analysis results under fpri=86Hz, Ls~12mH
(SCR=2.74)
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Figure 11. Stability analysis results fpr1=95Hz, L,=12mH (SCR=2.74)

In Figure 11, when the fprr parameter is set to 95Hz, the Lg
parameter remains unchanged, the PM of GCI system is
2.2°>0 based on hybrid dg -impedance model Z , , which
indicates the system is stable. However, based on the Z,;, the
corresponding PM=-0.5°<C0 at the intersection frequency, this

suggests the system is unstable. Hence the GCI system based
on hybrid ¢f -impedance has lower conservatism than based

on hybrid dq -impedance.

C. Conservative Analysis

The following test can further compare the conservativeness of
two impedance models. To get different cases, Ly is varied
from 9 to 12, and the PLL bandwidth fp1 is adjusted between
[85,135]. The system stability is assessed based on impedance
criterion for each case. Moreover, the corresponding security
regions are also plotted which represents the set of parameters
for stable GCI system operation. The results are displayed as
the shadowed areas and boundary curve in Fig. 12. It can be
seen that the stability region of the proposed hybrid impedance
model is a subset of the continuous impedance model's
stability region. Therefore, compared to the hybrid dg -



impedance model, the proposed hybrid ¢ -impedance model
provides a more accurate assessment of system stability,
making it more advantageous for guiding system parameter
design.
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Figure 12. Lg- fpLL stable region for two impedance models
4. Experimental Verification

In order to validate the correctness of the above theoretical
analysis, a hardware-in-the-loop (HIL) testing setup for the
14kW GCI system has been constructed, as depicted in Figure
13. Experimental parameters are consistent with Table 1.

Electrical

Signals TMS320F28335

RT-Lab

Electrical
Signals

Oscilloscope

Figurel13. Hardware-in-the-loop experimental platform

Figure 14 displays the time-domain waveform of voltage uoa
and grid-connected current icae of GCI system. when
L~10mH (SCR=3.28), frL.1=104Hz, the GCI system is stable
during half load and full load operation as shown Figure 14(a).
The results are consistent with the stability analysis in Figure 8,
which indicates the both impedance models built are correct.
However, when Lg is set to 1lmH, the system operates
unstably during full load operation as shown Figure 14(b). In
other words, the GCI system based on hybrid af -impedance

has lower conservatism than based on hybrid dg -impedance.

The same conclusions are evident by changing the parameter
frLL of as well as shown Figure 15. When fpL1=86Hz, L;~=12mH
(SCR=2.74), the GCI system is stable during half load and full
load operation as shown Figure 15(a). The results are
consistent with the stability analysis in Figure 9, which
indicates the stability analysis results based on both impedance
models are correct. However, when fprr is set to 95Hz, the
system operates unstably during full load operation as shown
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Figure 15(b). Having the same conclusion, the GCI system
based on hybrid o -impedance has lower conservatism than

based on hybrid dg -impedance.
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(b) Ly=11mH (SCR=2.99)

Figure 14. Experimental waveforms of GCI grid-connected currents
under fpLL=104Hz
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Figure 15. Experimental waveforms of GCI grid-connected currents
under Lg=12mH (SCR=2.74)



5. Conclusion

In this paper, a SISO hybrid impedance model in ¢ domain is

proposed to assess the small-signal stability of GCI system.
The distinguished features of the article are as follows.

1) The proposed SISO hybrid

impedance model is

straightforward and intuitive for assessing the stability system
margin, which is helpful to analysis stability of grid-connected
systems.

2) Compared to the SISO hybrid dg -impedance model, The
proposed SISO hybrid af -impedance model has lower

conservatism to assess the GCI stability, which can be more
accurately identify the GCI system's oscillatory instability state.
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