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Abstract: In the last decade, a rather new phenomenon related to subsynchronous oscillations
(SSO) in a wide frequency range has emerged in modern power grids with power converters. The
consequences of these oscillations can be severe system accidents, which have already occurred
in various power systems. Taking into account the importance of studying such oscillations for
effective mitigation and the existing gaps in understanding the mechanisms of SSO occurrence
due to different combinations of used controllers in the inverter control system, as well as the grid
parameters, a frequency analysis of simplified grid inverter models is performed. As a result, five
different mechanisms of SSO occurrence, the affecting factors and the level of inverter model detail
required for the adequate study of SSO are justified. The developed detailed state-space model
allowed for verifying the obtained results, as well as identifying an additional sixth mechanism of
SSO occurrence. The common condition for the occurrence of all the identified SSO mechanisms is
a weak grid with a short-circuit ratio of less than two. The results of control hardware-in-the-loop
testing confirmed the conclusions drawn. As a result, a classification of SSO occurrence mechanisms
was formed, reflecting their causes and distinctive features.

Keywords: inverter-based resources; subsynchronous oscillation; stability; weak grid; classification
of SSO

MSC: 93D05

1. Introduction

Modern power systems are undergoing significant changes in the structure of generat-
ing capacities and process dynamics, which are associated with the significant development
and widespread introduction of inverter-based resources [1-3]. IGBT transistors are mainly
used, but new materials are being developed that will further improve their properties
and capabilities [4,5]. On the one hand, the widespread introduction of renewable energy
sources has increased the response speed and flexibility in the power system control. On
the other hand, their unique properties, such as fast performance, small time constants in
control loops, and a wide variety of generating unit capacities, have led to a radical change
in the dynamic properties of power systems and the emergence of new problems related to
power system stability [6,7].

These features of power converters and their control systems lead to a variety of
interactions between different control loops within a single device and between such devices
as a whole. Moreover, this interaction can lead to oscillations covering a wide frequency
spectrum, which are referred to as wide-band oscillations in the literature [8]. Over the
last decades, more than 20 different cases involving wide-band oscillations have occurred
in the world [9]. Among them, it is necessary to highlight the cases with subsynchronous
oscillations (S50), which were associated with the operation of the control system of grid
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inverters, or the converter-grid oscillations [10,11]. The latter is relevant because, in such
cases, the mechanism of SSO occurrence becomes extremely complex, especially due to
the emerging dependence of oscillations on the current operating state of the power grid,
in particular, on the grid strength [12,13]. Moreover, the latter is pointed out as one of the
main impact factors limiting the large-scale penetration of inverter-based resources [14,15].

The fundamental processes that lead to SSOs as a result of the grid inverter operation
have been studied by various research teams. A significant contribution to the development
in this field was made by the IEEE IBR SSO Taskforce chaired by Prof. L. Fan. The review
papers on wide-band oscillations that occurred in various power systems presented by
these experts show the extreme complexity and diversity of causes and conditions of their
occurrence [8,16]. General issues related to the connection of grid inverters to a weak
grid are considered in [17,18]. Studies related to the possibility of connecting Type-4 wind
turbine generators into a weak grid are given in [19]. With a simplified model of a grid-side
converter, in which only an inner current control loop (ICCL) is used, it is shown that
oscillations with frequency from 100 to 200 Hz can occur in the power grid. Moreover,
their damping is possible by the appropriate tuning of the control system. It should be
noted that the obtained results do not show any low-frequency oscillations, since their
simulation without taking into account the mathematical model of outer control loops
and phase-locked loop (PLL) controller is complicated. The study of such oscillations by
considering these control loops in the models is discussed in [20-22]. In [21], it is concluded
that it is necessary to ensure the possibility of a Type-4 wind turbine generator to participate
in the grid voltage regulation. Obviously, this can be achieved by increasing the response
of the voltage controller [23,24]. However, this can lead to the occurrence of resonance in
the electrical network. In particular, this is evidenced by real-world events [25]. Moreover,
the experts achieved the elimination of oscillations only by reducing the gain in the voltage
controller. In addition, it is shown in [26] that similar SSOs can occur when replacing the
voltage controller with a reactive power controller.

Considering the significant impact of outer control loops on the SSO, two basic control
loops in d-axis within the dg-control in synchronous reference frame of the grid inverters
are mainly considered in detail in the literature: (i) the active power controller and (ii) the
DC-link voltage controller. In the first case, the research results show the existence of only
one oscillatory mode with a frequency of less than 10 Hz due to the response to the weak
grid conditions [17,27,28]. In the second case, SSOs also occur, which, among other things,
lead to torsional oscillations at nearby synchronous generators [29]. However, different
from the active power controller, there are two oscillatory modes, which is proved by the
eigenvalue analysis in [30]. In further studies, it is proved that both modes are related to the
DC-link voltage controller, and the dominant mode depends on the PLL bandwidth [31].
Also in [32], the low-frequency SSO in a Type-3 wind turbine generator operating in a
weak grid was investigated. Moreover, the studies were performed on a simplified model
excluding the grid dynamics. Similar studies demonstrated the SSOs with frequencies
of 10 Hz [18] and 9 Hz under voltage sags [33]. For the Type-4 wind turbine generators,
similar oscillations with a frequency of 6 Hz occurred [23]. From the analysis of the results
of the above papers, it follows that the interaction between the voltage controller and the
PLL controller leads to oscillations, but the mechanism of this mutual impact remains
undisclosed. Moreover, the PLL itself may be the cause of SSO. The papers [34,35] are
devoted to the study of this issue. The authors in [36] have proved via the analysis of
participation coefficients that the PLL controller is the cause of SSOs. The latter can be
referred to as the use of a common approach to PLL tuning, which does not consider the
issues of stable operation of the grid inverter in various operating states, especially in weak
grid conditions [37]. This issue has already been shown in practice. In three different power
systems under weak grid conditions, SSOs with different frequencies occurred [17,27,30].
Under other conditions, the main difference was in the PLL bandwidth. Therefore, it can be
assumed that the character of SSO directly depends on the PLL tuning. In this regard, by
controlling the character of SSOs, it is possible to form a direction to eliminate them. The
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study of the PLL impact on the stable operation of the inverter can also be found in [35].
On the basis of the performed analysis, Table 1 presents a brief description of the current
research on the topic.

Table 1. A brief analysis of previous research.

Ref. SSO Characteristics Cause of SSO
[17] ~3 Hz interaction of PLL and weak grid
[18] ~10 Hz interaction of PLL and DC-link voltage controller within Type-4 wind turbine generator operation
[19] over 50 Hz interaction of inner current control loop and weak grid
[20] low-frequency interaction of AC voltage controller and weak grid within Type-4 wind turbine generator operation
[21] low-frequency interaction of AC voltage controller and weak grid within Type-4 wind turbine generator operation
[22] ~1.5Hz interaction of PLL and AC voltage controller
23] ~6 Hz interaction of DC-link voltage controller and weak grid within Type-4 wind turbine
generator operation
[24] ~3 Hz interaction of AC voltage controller and active power controller
[26] ~3Hz interaction of active power controller and AC voltage/reactive power controller
[27] aperiodic instability impact of PLL on HVDC
28] from 3 Hz to 40 Hz inter.action of power conFrollers, voltage controller and PLL with weak grid within Type-4 wind
turbine generator operation
[29] around 40-50 Hz interaction of outer and inner control loops within Type-4 wind turbine generator operation
[30] from 15 Hz to 40 Hz interaction of Type-4 wind turbine generator controllers with weak grid
[31] from 10 Hz to 40 Hz interaction of PLL and weak grid within Type-4 wind turbine generator operation
[32] below 2 Hz interaction of DC—link voltage controller and weak grid within Type-3 wind turbine
generator operation
[33] ~9 Hz operation of AC voltage controller within Type-3 wind turbine generator operation
[34] over 50 Hz operation of PLL within Type-4 wind turbine generator operation
[35] ~5Hz operation of PLL
[36] from 16 Hz to 50 Hz interaction of PLL and weak grid

Thus, the presented brief literature review shows that there are various mechanisms
of SSO occurrence due to the interaction between the inverter control system and the grid
operating conditions. Moreover, some results contradict each other, which indicates the
diversity of occurring SSOs and the need to classify the mechanisms of their occurrence.
In this paper, a comparative analysis of the mechanisms of oscillation occurrence when
different controllers are used in the grid inverter control system is carried out, which has
not been performed before. This approach will allow an understanding of whether SSOs
have one mechanism of occurrence or whether the mechanisms are different. At the same
time, this paper defines for each identified mechanism the necessary level of inverter model
detail for its reproduction, which is also not fully disclosed in earlier studies. Moreover,
all obtained conclusions will be verified comprehensively, not only by means of frequency
and time-domain analysis but also by hardware testing. The contributions of the paper are
as follows:

1. The analysis of various stages of simplification of the grid inverter mathematical
model is carried out, which allowed identifying five different mechanisms of SSO
occurrence and determining the extremal grid conditions affecting them.

2. The detailed state-space model of the grid inverter in a synchronous reference frame
is developed, which is used to identify the mechanism of SSO occurrence undetected
by simplified models.

3. The classification of the mechanisms of SSO occurrence is proposed, taking into
account the applied controllers and their tuning, PLL bandwidth, as well as the
external grid parameters, which affect the character of SSO.

The paper is organized as follows. Section 2 discusses the test electrical network and
the considered inverter control algorithms. Section 3 presents the results of the analysis
of simplified mathematical models of the test scheme with their increasing complexity.
Frequency analysis is performed for each model, revealing the mechanism of SSO occur-
rence and the affecting factors. In Section 4, a detailed state-space model of the considered
system with different control approaches for the grid inverter is developed. In addition,
this section presents the results of time-domain simulation in PSCAD software v5.0.2.
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Section 5 presents the results of control hardware-in-the-loop testing using a STM32-based
microcontroller. Section 6 summarizes the results obtained and presents the classification
of SSO mechanisms due to the interaction between the inverter control system and the
external grid. The Conclusion draws the main conclusions of the paper.

2. System Structure

Figure 1 shows the diagram of the considered electrical network with a grid-following
inverter. The structure of the considered outer control loops is shown in Figure 2. In the
DC-link of the inverter, an ideal DC voltage source Uy, is connected. Such an approach is
widely used in the analysis of control algorithms for the grid inverters and allows obtaining
generalized results without referring to a specific generation unit.

1
Ug, @ I Power part
Ry, Ly ! pcc Lt Rr
Gridl_:'_ﬁ’v’n_:_T_?Th’YP\_:_?%
C
Euo i, L i

! Fig. 2aor

' Fig. 2b

----------- deref‘ dq
Ucvqref;

jm———————— = bc

1 Fig. 2cor

| Fig.2d

Inner Control Level

abc /—» Oref

Electric Hoate | . \ 5
og + K (0} ® PLL
control part dq H@__'Kmd .,pL% _,é -2
0

1
1
1
1
1
1
1
1
1
1
1
1
1
1
a l
1
T 1
0F’LL :
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Figure 1. Diagram of the considered electrical network with a grid-following inverter.
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Figure 2. Structures of the outer control loops: (a) P-V Control, (b) P-Q Control, (c) DVC-V Control,
(d) DVC-Q Control.

As can be seen from Figure 1, for a three-phase inverter, a decoupled active and
reactive power control is implemented in a synchronous d-q reference frame. For this
purpose, the amplitude-invariant Park transformation is used with the d-axis aligned with



Mathematics 2024, 12, 3884

50f28

a voltage vector, so AC current is decoupled into active and reactive power components, iy
and iy, respectively.

Two control levels can be defined within the inverter control system: (i) outer control
level and (ii) inner control level. At the same time, within the outer control level, which
accordingly forms the reference currents iy, different approaches to controlling the
active and reactive power of the inverter can be implemented [38-40]. As a result, the
mechanism and causes of oscillations in the power grid may differ depending on the grid
inverter control strategy used. Therefore, the four most common control approaches are
discussed in this paper:

1.  P-V Control—active power and AC voltage control (Figure 2a,c),

2. P-Q Control—active and reactive power control (Figure 2a,d),

3. DVC-V Control—DC-link and AC voltage control (Figure 2b,c),

4.  DVC-Q Control—DC-link voltage and reactive power control (Figure 2b,d).

The inner control level of the inverter consists of the ICCL with cross-coupling terms
and voltage feedforward [41], which forms the reference voltages 4.5, and the pulse-
width modulation (PWM) block, which forms control pulses for the power semiconductor
switches of the inverter. The current saturation algorithm based on the vector amplitude
limitation (Imax = 1.2 pu) is also taken into account [42]. Within the conventional grid-
following control, it is assumed that the synchronization of the inverter with the AC grid is
performed using a PLL controller. This controller uses the three-phase voltage signal to
form the required phase angle and can have different structures [43,44]. In this paper, the
classical structure of dg-PLL is adopted, which is shown in Figure 1.

The presented structural diagrams of the control algorithm (Figures 1 and 2) allow
forming the necessary differential equations to describe the analytical model of the in-
verter control system. However, for a complete representation, a system of differential
equations describing the network dynamics in dg-frame should also be given as shown in
Equation (1). Taken together, a complete analytical model of the considered system with
different approaches to the grid inverter control can be implemented.

di w ' ]
#ﬂd = ij (qudref — Uod — ZCUde + lcquf(l)g)
dicvq _ Wy ) ]

- — Ly Ucvgref — Uog — lCU”IRf o lcvdeCUg
duyg

w . .
ar = Cbe (lcvd —log + uoqcfwg)

du . .
= %b (lcvq ~log ”odcfwg)
did _ Wy . .
,;ft = L—g(uod —ipgRg — 11g cOs 80pr 1 + iggLewy)
w . . .
% = T; (uoq - Zong + Ug sin 80prr — lodngg)

where wj is the base grid frequency, Ry, Ly and Cy are the LC-filter parameters, Ly and Ry
are the equivalent inductance and resistance from the point of common coupling (PCC) to
the grid, respectively, ic, is the output current of the inverter, u; and wg are the grid voltage
and frequency, respectively, u, and i, are the voltage and current at the PCC behind the
LC-filter, respectively, and 6p; is the PLL phase angle.

3. Analysis of the Mechanism of SSO Occurrence

To determine the mechanism and causes of oscillations, it is necessary to form sim-
plified dependencies that would clearly reflect the interaction of different controllers with
each other and the operating conditions of the power grid. For this purpose, the grid
inverter with the conventional grid-following control algorithm can be simplified as a
current source [45,46]. Taking into account the presented control system, the output values
are the currents i,; and iy (Figure 3). In addition, since this paper considers a relatively
slow spectrum of processes, the ICCL is approximated as a first-order lag function with a
time constant T, which is determined by the equation T, = X¢/(wy-Kpc), where X, is the
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grid inductive reactance in per units, including the equivalent grid inductance L and the
filter in inductance Ly, Kpc is the ICCL proportional gain [47].

Current Grid
Control
iodq 1 idq
N [ —
1+7,s

Figure 3. Simplified representation of a grid-following inverter.

3.1. Simplified Model of Grid Inverter with Active Power Controller

For the first considered simplified model of the grid inverter, the dynamics of the PLL
controller and the external grid are excluded. The latter is generally represented only by
the inductive resistance X,. Considering the assumptions for Equation (1), Equation (2)
is obtained:

{ Upg = Uy = Ug cos b — Xgiog 2
Uog = 0 = —Ugsind + Xgiog
where U is the rms grid voltage, and ¢ is the phase angle of U, at the PCC.

Based on the trigonometric identity, the grid voltage can be represented as Equation (3)
by considering the second equation of (2):

Ugcoséd = \/U§ — (Ug sin5)2 = \/U§ - (Xgiod)z )

Then, the obtained Equation (3) is substituted into the first equation of (2) and its
linearization can be performed (4):

Ay = — - g —— Aoy — XgAiog = —aliog — XgAing 4)
(ngid) -1
N —
a

From the obtained Equation (4), it can be seen that with the increase of the inverter
load only by the active power, which corresponds to the current iy, the voltage at the
PCC will decrease, which corresponds to the fundamental electrical laws. On the basis of
the instantaneous power theory, the formula for the active power, taking into account the
zero component for the g-axis voltage, can be written and linearized (5) by substituting
Equation (4):

P= Uog * iod = AP = Uog * AZ'oal + iod : A“oal = uodAiod - iod (aAiod + XgAioq) (5)
N’ N~ | —
AP AP, AP;

It follows from the obtained Equation (5) that the increment of active power depends
on the change of two components: (i) d-axis current and (ii) voltage at the PCC, which
are expressed through the increment of dg-axes currents, depending on the grid inductive
resistance X, and the inverter active power load i,;. The increments of currents are formed
by the controllers in the dg-axes (Figure 2a,c), as well as by the ICCL. The common expres-
sion for the controllers taking into account the ICCL operation in the dg-axes is shown in
Equation (6), where the superscript ‘ol’ means the open-loop transfer function. By substi-
tuting the specific coefficients, the transfer function of the controllers for the d- or g-axis
is obtained. The gain G%lc(s) that forms the current Aiy; is given in Equation (6), which
is written for both the active power controller and the ICCL, and for the corresponding
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closed-loop transfer function foc(s) in Equation (7), the negative feedback is the value
uyq = Uy, where the superscript ‘cl’ means the closed-loop transfer function. This function
corresponds to the first active power component AP; in Equation (5).

- (10+5) (1)
Gzcvlc(s) G%lc(s) _ Kpps + Kjp @)

T 14U, -GU(s) T+ (KppUo + 1)s + KppUs

The current A, is formed by the voltage controller (Figure 2c), which is part of the
outer control loop, and the ICCL, according to Equation (6). The positive feedback, which is
used in the voltage controller, is formed based on Equation (8). Given this, the closed-loop
transfer function G%ZC(S) can be written as (9), in which the feedforward gain is equal to
one and the feedback gain is the product of G- (s) and X,.

AU, = —XgAigg (8)

B 1 7 TeS? +s o)
1+ Xg-GYc(s)  Tees® + (KpyXg +1)s + Ky Xg

G€/ZC<S)

The obtained Equations (5)-(9) form the transfer function representing the impact of
active power and voltage controllers on the inverter output active power taking into account
the grid inductive resistance. The structural diagram of the transfer function is shown
in Figure 4. It should be noted that for the assumed conditions, when using the reactive
power controller (Figure 2d) instead of the voltage controller, the voltage deviation Au,,
has no impact on the reactive power deviation, i.e., AQ = —iog-Atlgg — Upg-Diog R Upg-Diog,
since ioq = 0. On this basis, when a reactive power controller is used, the transfer function
G%}C(s) (9) takes the value of one.

AP2+AP3

Pref P Aiod AUO

Grc (8) [—> a [ Gic(s) > i

Figure 4. Structural diagram of the closed-loop transfer function representing the interaction of active
power and voltage controllers.

Therefore, it is possible to consider the impact of each component on the inverter
output active power separately. For this purpose, the gains for the open-loop transfer
functions are written in the form of Equations (10) and (11), reflecting the impact of
changing the active power reference on the deviations of the d-axis current Ai,; (AP1) and
the voltage Auyy (AP + AP3).

Gi'(s) = Gels) - (Uo — - GFe(s) -ioa) (10)
G3'(s) = Gie(s) - (—a- Gic(s) -oa) (11

For the obtained Equations (10) and (11), the root locus analysis is used, which allows
determining the stability of the closed-loop transfer function by the value of the gain at the
point at which the root locus branches intersect the imaginary axis. If this gain is less than
1, the closed-loop system is unstable for the considered steady-state operating point. The
root loci corresponding to Equations (10) and (11) are shown in Figure 5.
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Figure 5. Root loci with Xg = 0.8, 1. = 0.017, 759 = 1, U, = 1, Kpp = 0.2, Kjp = 27, Kpy = 0.25, and
Kjy = 22 for the open-loop transfer functions: (a) G/ (s), (b) G§'(s).

Figure 5 shows the pole movement trajectory to zeros in different colors—the four
colors correspond to the trajectories of four poles and are only for illustrative purposes. The
obtained root locus branches for both control loops show that the pole movement trajectory
to zeros passes through the right half-plane. Consequently, under certain conditions,
oscillations in the inverter output active power may occur, the cause of which may be either
the loop forming the current Ai,; or the loop forming the voltage Au,;. From the obtained
root locus for the first considered control loop G¢!(s), it follows that the poles are towards

zero in the right half-plane (Figure 5a), which refers to the multiplier (Uo —a- G{,IC (s) - iod) .

The numerator of this function is a second-order equation. Hence, based on Vieta’s formulas,
it can be concluded that the roots will have different signs when the constant term is less
than zero. The constant term c of this equation has the following form (12):

Ky - U, - Xg
Tec - (uo —a- iod)

(12)

Based on the Formula (12), the roots of the equation, which are the considered zeros,
will be located in different planes under the condition a-i,; > U,. In this case, it is the
control loop forming the current Ai,; that will cause the active power oscillations. It should
be noted that the cause of oscillations is not the tuning of the control loop itself, but the
interaction of the voltage and active power controllers, since the zero in the right half-
plane occurs due to the multiplier, which includes the voltage controller Gf,lc (s). From the
obtained equations it follows that the conditions leading to the oscillations are the increase
in the grid inductive resistance X, which is proportional to the variable a, the increase in
the active power load of the inverter, which corresponds to the current i,, and the decrease
in the voltage U,.

For the second control loop G (s), associated with Ay, the poles formed by the
active power controller tend through the right half-plane to +c0 and zero at the origin
(Figure 5b). From Equation (11), it is obvious that this zero refers to the function of the
voltage controller Gf}c(s). The probability of oscillation also depends on the increase of
Xg and ipg. In this case, these parameters are the gains for the open-loop function, the
increase of which reduces the value of the gain at which the root locus branches intersect
the imaginary axis and, consequently, reduces the stability margin.

Thus, from the two discussed mechanisms of possible oscillations, it follows that the
major cause in both cases is the voltage controller (Figure 2c), which leads to the occurrence
of interaction in the control of active power and voltage. Considering the impact of Gf,lc (s),
it is possible to improve the stability by reducing the value of this function in steady-state,
ie., at p — 0. This can be achieved by increasing the bandwidth of G¢(s). To verify
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this fact, an increase in the grid impedance X, is performed, at which the undamped
oscillations with increasing magnitude occur, and two different bandwidths of Gf}c(s) are
considered (Figure 6). For the initial bandwidth of G%,lc(s), the gains for both open-loop
functions are less than one, indicating instability (blue curves in Figure 6a,b). However, if
the proportional gain Kpy is increased, which leads to an appropriate increase in bandwidth,
the gain at the point of intersection of the root locus with the imaginary axis becomes greater
than one and the system becomes stable (red curves in Figure 6a,b). It follows from the
obtained results that an increase in the voltage controller response leads to a decrease in
the interaction between the active power and voltage controllers, which contributes to an
increase in the stability margin.

50 T \ ‘
20| <— Gain=0.774 |
Gain = 1.34 Gain = L1
251 ]
Gain = 0.624 : 10 1
E 0 E 0r %O
-10 + 4
25 + 4
20 - ]
-50 : :
-150 100 50 0 50 100 150 200 250 -150 -100 50 0 50 100 150
Re Re
(a) (b)
Figure 6. Root loci with Xg = 0.9, e = 0.0191, iy = 1, U, = 1, Kpp = 0.2, Kjp = 27, Kpy = 0.25
(blue curves), Kpy = 0.95 (red curves), and Kjy = 22 for the open-loop transfer functions: (a) G‘l’l (s),
(b) G3'(s).
Considering the obtained cause of oscillations due to the voltage controller operation,
a possible solution is to replace it with a reactive power controller (Figure 2d). For this
case G¢~(s) = 1is set. The obtained root loci for the considered gains G (s) and G§'(s) are
presented in Figure 7.
150 T " T T T 20 T " ! .
‘ N
15} ] ]
100 | 1 :
10 - 1
50 - 1 :
S5t ,
E 0 5] 1 E oro -
5t ]
S0 1
-10 - 1
-100 - 1
15+ J 4
3
-150 : : -20 : '
—400 -300 -200 -100 0 -150 -100 -50 0 50 100
Re Re
(a) (b)

Figure 7. Root loci with a reactive power controller (G‘C}C(s) =1) and X¢ = 0.75, Toc = 0.0159, ipy = 1,
U, =1, Kpp = 0.2, and Kjp = 27 for the open-loop transfer functions: (a) G?’ (s), (b) Ggl(s).
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Figure 7a,b show that there is no intersection of the imaginary axis by the trajectories of
the conjugate poles when the reactive power controller is used. Consequently, oscillations
will not occur, but it follows from the root locus for the second function G/ (s) that one of
the poles of the reactive power controller moves along the real axis to +oco. Such a trajectory
corresponds to the aperiodic instability in contrast to the oscillatory instability when the
voltage controller is used. The causes of aperiodic instability are classical and are related
to reaching the limit of network power transfer capability [48]. It is worth noting that
despite the absence of oscillations when the reactive power controller is used, it cannot be
concluded that the overall situation is improved compared to the voltage controller, since
aperiodic instability occurs at a smaller value of Xj.

In addition to the controllers forming the reference g-axis current, the stability margin
can be increased by means of the active power controller and the ICCL. For the first one it is
necessary to reduce the bandwidth, whereas for the second one it is necessary to increase it.

3.2. Simplified Model of Grid Inverter with DC-Link Voltage Controller

In this subsection, the DC-link voltage controller (Figure 2b) is considered as a con-
troller forming the reference d-axis current instead of the active power controller. The
dynamics of the inverter DC-link can be expressed by Equation (13) [31]:

duz.

Tde dt :Preffpout (13)

Cyp Uz, . . . . . . .
where 7. = dzs :/dc is the DC-link time constant, Cy, is the DC-link capacitance, U}, 4. is the

rated DC-link voltage, Sy, is the inverter-rated capacity.
Substituting Equation (13) into the d-axis gain of the open-circuit function, Equation (10)
takes the following form (14), which accounts for the dynamics of the inverter DC-link:

1
T4cS

Gi],ldc(s) = - Ghe(s) - (Uo —a-GYe(s) 'iad) (14)

The root loci for the obtained gain at different values of grid impedance are shown in
Figure 8.

200 , :
— X, =0.15

150 — X,=05 1
— X, =038

100 ' 1

50 -

Im
—J

-150 -

2200 . . . .
-200 -100 0 100 200 300

Figure 8. Root loci with T, =0.0191, i,y =1, U, = 1, Kpp = 0.2, Kjp = 27, Kpy = 0.25, and K}y = 22 for
the open-loop transfer function Gfl 1c(8)-

It follows from Figure 8 that at X, = 0.15 pu and 0.5 pu, for which the condition
a-i,g > U, is not satisfied, the branches of the root loci tend to co along the imaginary
axis as the gain increases. Moreover, at X = 0.5 pu, the branches of the root locus already
pass through the right half-plane at a gain less than one, which indicates the occurrence of
undamped oscillations. When Xg is further increased and the above condition is satisfied,
zero appears in the right half-plane, which is similar to the case described in the previous
subsection when the active power controller is used. Thus, the addition of DC-link dynam-
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ics has a negative impact on the stability margin and leads to the occurrence of oscillations
even before the appearance of zero in the right half-plane. Moreover, such specificity is
related to the appearance of conjugate roots as a result of adding DC-link dynamics to the
inverter model. The replacement of the voltage controller by a reactive power controller
does not improve the situation. As a result, the causes of oscillations are related to insuffi-
cient damping when adding a DC-link voltage controller, rather than to the interaction in
the control of active power and voltage as in the previous case. Furthermore, the factors
that reduce the stability margin are the same: an increase of both the grid impedance and
the inverter load, as well as a decrease of the grid voltage.

3.3. Simplified Model of Grid Inverter with Active Power Controller and PLL

To further analysis of the oscillation mechanism, the PLL controller is added to the
simplified model of the grid inverter. The closed-loop transfer function of PLL is shown as
(15) [49]:

A5 (Kpprrs + KppLL)wyp
ASy — s2+Kpprrwys + Ky prrwy

G%ILL (s) = (15)
Furthermore, the linearization of Equation (2) is performed for the steady state under
the condition & = 6, (16):

{ Aty = —Uysind - AS — XgAiog 16)

Augg = —Uy cos d - AS + XgAiyg

In this way, Equation (17) describing the behavior of the voltage angle §, at the PLL
input can be derived from the second equation of (16) by substituting U,-cosd from the first
equation of (2) and the basic representation of the voltage U, at the PLL along the g-axis in
the linearized form uy; = U,-sin(8, — 8) & Up(80 — 8) — Auigg = Uy (A, — AD):

Aoy = — Uy + Xgiog) AS + XgAipg = (17)

= Xghipg = XgiogAd + Uy Ad,
From the obtained Equation (17) the increment of the angle Ad, at the PLL input can

be obtained (18):
X log X g A
NSy = 8 Niyy — 8
CTw T T,

As it was noted earlier, when the steady state is considered, the voltage at PCC can
be represented by the d-axis voltage, i.e., U, = u,y. Taking into account this condition,
the second equation of (2) is substituted into the first equation of (16) and Equation (19)
is obtained, representing the voltage change at the PCC considering the PLL controller
operation. It can be seen that the difference from Equation (10) consists in the appearance
of an additional component depending on the increment of the angle A$ at the PLL output.

(18)

AU, = —XgiogAS — XgAigg (19)

Adding the obtained Equations (18) and (19) to the closed-loop transfer function
(Figure 4), the PLL impact on the mechanism of oscillation occurrence will be taken into
account. The extended structural diagram is shown in Figure 9.

Similarly to the previous analysis of the emerging oscillations, the root loci for the
gain G%ILL(S) is plotted, which is highlighted in Figure 9. The PLL tuning for the grid
inverter is performed in each specific case and depends on the type of primary source,
equipment vendor, which may or may not provide an option to change the PLL parameters,
the range of which is already limited by the stability of the PLL algorithm. In addition,
a vivid example of the fact that PLL in different cases is used with different bandwidths
are examples of real-world oscillation events. For example, three cases of oscillations
that were related to the operation of the grid inverter in a weak grid are presented in the
following papers [17,27,30]. In all cases, the cause of oscillations was the same—weak grid
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conditions, but the oscillations had different nature and frequency: in the first case, the
latter was 4 Hz, in the second case—less than 4 Hz, and in the third case—in the range
of 20 to 40 Hz. The reason for the difference in these real oscillations is the different PLL
tuning in practical power plants. In this regard, the bandwidth of the PLL is one of the key
factors that determines the nature of the oscillations. That Is why several variants of PLL
bandwidth are discussed In this paper. Root loci for three different cases with respect to the
PLL bandwidth are shown in Figure 10. For the third case it is assumed G, , (s) = 1, which
corresponds to an infinite PLL bandwidth. It follows from Figure 10 that with the increase
in the PLL bandwidth, there is an increase in the gain values obtained at the intersection
of the root loci branches with the imaginary axis, which indicates an improvement in the
stability margin.

AP, + AP,
Block I1 PLL impact

Block I o
Alog ﬁ Aﬁo‘ GPILL(S) Ad i
u, 1+G (8)+(Xqiog/Us) god

Figure 9. Structural diagram of the extended closed-loop transfer function reflecting the PLL impact
on the occurrence of oscillations.
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-200 -150 -100 -50 0
Re

Figure 10. Root loci for the open-loop function G%ZL . (s) at different PLL bandwidths: 13 Hz (blue
curves), 30 Hz (red curves), co (green curves).

In order to identify the mechanism of oscillation occurrence, the transfer functions
that correspond to each control loop are determined from the general structure of Gf;,lL L(s).
Thus, Block I in Figure 9 corresponds to the active power controller G4 (s), Block II reflects
the impact of the PLL controller, and Block IlI is related to the voltage controller Gg/lc (s).
In Figure 11, the blue color indicates the poles and zeros corresponding to each of the
above blocks at the PLL bandwidth of 13 Hz. For Block I the pair of conjugate poles
p12 = —28.6 £ 21.7j and zero z; = —135 are obtained. Block II has a pair of conjugate
roots p3 4 = —41.9 & 14.2j and zero z; = —23.3, which is equal to the ratio of the integral
and proportional gains of the PLL. Block III has conjugate poles p5 ¢ = —29.7 & 12.5j and
two zeros: at the origin (z3) and at the point z4 = —47.6, the value of which is in inverse
proportion to the time constant of the ICCL. Moreover, the poles of Block III move to z; and
z4, the poles of Block II—to z; and —oo, and of Block I to the origin of coordinates (z3) and
+00, respectively. On this basis, the poles of Block I pass through the right half-plane, which
is the major cause of the oscillations. Thus, the mechanism of oscillation occurrence is the
same as for the case considered earlier without the PLL operation. Moreover, if the voltage
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controller is replaced by a reactive power controller, the conjugate poles of Block I intersect
the imaginary axis only at the origin, which excludes the oscillatory instability (red curves
in Figure 11). The factors that increase the probability of oscillations are identical to the
previous cases: the value of the grid impedance, the inverter active power load and the
voltage at the PCC.

== V-control
== ()-control

60 !
Block I (py,2)

ol Block 111 (psg) /

20l Block III (z,)

Block I (z)

N

E 0 ....................................
20 /
Block I1 (p3.0) s
40 Block I1I (z3)
Block I (z;
60 : : : @
~200 -150 -100 -50 0

Re

Figure 11. Root loci for the open-loop function G‘I’JIL 1.(s) at the PLL bandwidth of 13 Hz and different
g-axis controllers.

3.4. Simplified Model of Grid Inverter with DC-Link Voltage Controller and PLL

Furthermore, in the extended simplified model of the grid inverter with PLL (Figure 9),
the DC-link voltage controller (Figure 2a) is used instead of the active power controller
(Figure 2b), which leads to the modification of Block I by adding an integrator with DC-link
time constant T to the function G‘l’l (s) as shown in Section 3.2. For comparison, Figure 12
shows the root loci for different d-axis controllers.

60

=== P-control

=== DV C-control
40 - 1
Gain = 6.01

Gain = 14.9|

e
20 -

-60 —40 20 0 20
Re

Figure 12. Root loci for the open-loop function G/ (s) at different d-axis controllers.

It follows from the obtained root loci that the addition of the DC-link voltage controller
leads to a significant decrease in the gain at the intersection of the root locus branches with
the imaginary axis; the value changes from 14 to 6. Consequently, adding the DC-link
dynamics significantly increases the probability of oscillation occurrence. Moreover, adding
the dynamics of the PLL controller does not change the situation. The use of a reactive
power controller instead of a voltage controller also results in aperiodic instability.
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3.5. Simplified Model of Grid Inverter with PLL and Grid Dynamics

In the previous subsections, despite the addition of all major outer and inner control
loops, the inverter model is simplified due to the fact that electromagnetic transients in
the electrical network are neglected. At the same time, it is known that the PLL controller
with a high bandwidth under weak grid conditions can lead to undamped oscillations [50].
To analyze this mechanism of oscillation occurrence, only the PLL control loop will be
further considered, while slower processes caused by other controllers will be excluded.
The grid dynamics is taken into account using simple Equation (20), which is substituted
into Equation (2) under the assumption that the g-axis current is zero (io; = 0). The obtained
Equation (21) is written in a stationary reference frame related to the grid. Furthermore,
Equation (21) is linearized, taking into account U, = const, and the obtained equation is
decomposed into the real and imaginary parts (22). It follows from Equation (22) that the
change of the PLL output angle AS has a natural impact on the magnitude and angle of the
voltage at the PCC. Moreover, with the increase of the inverter active power load and grid
impedance, the impact of the angle Ad will become stronger. Then, the imaginary part of
Equation (22) is considered, which includes a differential component reflecting the grid
dynamics. In fact, this equation is the feedback gain between the voltage vector at the PCC
and the PLL output angle. In this regard, a minus sign should be added to initially consider
a stable system. In addition, due to the consideration of fast processes, the various delays
that may be caused by abc<+dg transformations and signal filtering should be taken into
account. For this purpose, a first-order low-pass filter (LPF) with time constant Ty = 0.001
s is added to the considered system. As a result, the open-loop transfer function has the
following form (23):

Zy = (s+jw)Lg = sLg + jX, (20)
Uyel® = U, + (s + jw)Lgiodej‘s (21)

AU,y + jU,ASy = (5 + jw) - Lg - ioq - (jAS) =
= { ﬁfﬁ&j:— i%;?j,ﬁs )
Glpear, (5) = —sﬁiodljwcffms) 23)

In the previous subsections, it was concluded that increasing the PLL bandwidth
increases the stability margin. Therefore, two cases with different PLL bandwidths are
considered. Figure 13 shows the Bode plots for the closed-loop transfer function of the PLL
GY,, (s), taking into account the LPF. In general, the result is as expected: the addition of a
LPF leads to resonance with increasing PLL performance. At the same time, this charac-
teristic did not affect the probability of oscillation occurrence in the previous subsections,
since the cause of poles entering the right half-plane were other control loops. However,
consideration of the grid dynamics leads to the emergence of zero at the origin of the root
locus (Figure 14). Exactly to this zero the trajectory of poles movement of the PLL controller
is observed, which already passes through the right half-plane that can be the cause of
undamped oscillations. Moreover, from the obtained gains it follows that the major impact
is in the PLL bandwidth, the increase of which leads to instability. Thus, for this mechanism
of oscillations, the major cause is the delays in the PLL during the interaction with the
fast dynamics of the grid. Moreover, if the ideal conditions are simulated, i.e., without
delays in the form of a LPF, there are no undamped oscillations. As a result, the inevitable
delays in the PLL signal, the increase in the PLL performance, the grid impedance and the
inverter active power load will increase the probability of oscillations occurring due to the
considered mechanism.

An important point should be noted. In this subsection, the outer control loops were
not considered. However, as it was found earlier, in ultra-weak grid conditions, these
controllers can also cause undamped oscillations. It is extremely difficult to take these
controllers into account in simple closed-loop transfer functions when reproducing the grid
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dynamics. Therefore, in the next section, a detailed analytical model of the grid inverter is
developed, which allows not only to verify the results obtained using simplified transfer
functions, but also to expand the understanding of the mechanism of oscillation occurrence
under weak grid conditions and at different response rates of controllers.
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Figure 13. Bode plots of the closed-loop transfer function %TstffL 1. (s) at different PLL bandwidths.
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Figure 14. Root loci of G%, | tsL, (s) at different PLL bandwidths.

4. Analysis and Verification of Oscillations Mechanism Based on the Detailed
Analytical Model

For the analysis of the detailed analytical model of the considered system presented in
Section 2, a corresponding state—space model is developed [51]. As an example, the model
for the case of P-V inverter control is shown. The state vector Ax and the input vector Au
are represented by Equation (24), considering all the parameters of the system (electric
network) and control loops:

Ax = [ Aupg Aoy Aigyg Dicog Ayg Ayg Digg  Adog
Aeprr AGg  Agg AG%’LL Augg  Auigg
Au=[ APps AUps DlUgig Dwgrig |

1T (24)

Using the obtained state—space model, the eigenvalues of the state matrix have been
calculated, and the participation coefficients have been estimated according to the method-
ology used in [52]. The initial parameters of the system (Figure 1) are presented in
Appendix A in Table Al. The results of the analysis are given in Tables 2 and 3. From
the obtained results (Table 2) it can be seen that all eigenvalues have a negative real part.
This fact indicates the stability of the system with the considered tuning parameters and
control approach.
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Table 2. Eigenvalue analysis for the case of P-V inverter control.

Natural Oscillation Mainly Related State

Mode Eigenvalue Damping Ratio Frequency, Hz Variable
A2 —406.491 =+ j3798.556 0.106 608.01 Uod, Uog,s tcvds tevg
A3 4 —445.788 £ j3364.336 0.131 540.13 Uod, Yog, Lcod, tcog
As 6 —297.637 £ j395.316 0.601 78.76 icods Lcogs Tods Togs Ueds Ueg
A78 —106.078 £ j197.959 0.472 35.74 Ued, Ueq
A9 10 —28.815 £ j20.357 0.817 5.62 eprL, OpLL
A1 —23.125 - - &q
A2 —6.98 - - &g
?\13 —13.143 - - Yda
M4 —15.451 - - Yq
Table 3. Analysis of participation factors for the case of P-V inverter control.
P-V Control
Element State Variables
A12 Aza As6 Azs A9, 10 Al A2 A13 A1g
Upd 0.255 0.198 0.005 0.005 0 0 0 0 0
Uoq 0.217 0.235 0.004 0.005 0 0 0 0 0
Grid [ 0.156 0.155 0.154 0.141 0.007 0.091 0.001 0.049 0.017
r icog 0.132 0.178 0.151 0.145 0.004 0.014 0.018 0 0.071
Tod 0.089 0.061 0.188 0.065 0.001 0.021 0.009 0 0.004
fog 0.077 0.076 0.184 0.096 0.005 0.001 0.005 0 0.002
Outer control loops &a 0 0 0.004 0.022 0.047 0.513 0.049 0.108 0.038
P &,7 0 0 0.001 0.011 0.008 0.03 0.866 0 0.084
ICCL Yd 0 0 0.003 0.014 0.01 0.107 0.001 0.83 0.023
Yq 0 0 0.003 0.014 0.014 0.078 0.036 0.003 0.715
PLL EpLL 0 0 0.001 0.007 0.455 0.085 0.008 0.001 0.013
OprL 0.001 0.002 0.014 0.059 0.411 0.001 0.005 0 0.004
Voltage feedforward Ued 0.04 0.044 0.15 0.211 0.014 0.019 0.002 0.009 0.015
& Ugq 0.033 0.052 0.139 0.204 0.022 0.04 0 0 0.015

The use of the participation coefficients (Table 3) allows determining with which
element of the system the corresponding roots are associated. The roots A7 g, Ag 19 and Aq1 12,
which have natural oscillation frequencies lower than synchronous (subsynchronous) and
are directly related to the considered control loops, are of the greatest interest. Consideration
of these roots allows clearly determining the cause of SSOs and instability of the grid
inverter under different control methods, which were previously reflected in Section 3.
Thus, the analysis of the state-space model with the plotting of root loci and definition of
participation coefficients for different controllers is used for further research.

4.1. Eigenvalues Analysis of the Analytical Model of the Grid Inverter Under Different
Control Methods

In this subsection, the four grid inverter control methods presented in Section 2 have
been considered by varying the grid strength via the L, value up to the instability, taking
into account the full-load inverter (Ps = 1 pu). At the same time, the impact of varying
the PLL bandwidth (bwpy ;) on the nature of the resulting oscillations was also assessed.
For the considered cases, the root loci presented in Figure 15 were obtained. The different
ranges for Ly were assumed based on the obtained trends in order to better show the results
of the studies.
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Figure 15. Root loci at Ly variation in case of different approaches to grid inverter control and PLL
bandwidths: (a—c) P-V Control, (d-f) P-Q Control, (g-i) DVC-V Control, (j-1) DVC-Q Control.

Figure 15a—c show the results for the case with P-V control. As follows from Figure 15a,
at the initial PLL bandwidth (bwpy; = 13 Hz), the instability is observed at Ly = 0.875 pu,
i.e., the short-circuit ratio (SCR) is close to one, which corresponds to the ultra-weak grid
conditions. The value of SCR can be found by the formula presented in [51]. In this case,
a pair of conjugate roots A1 17 is located in the right half-plane, which is associated with
the operation of the outer control loops for active power and voltage. The roots belonging
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to the elements of the system were determined by analyzing the participation coefficients
of the system states, as it was shown earlier. In this case, an oscillatory instability with an
oscillation frequency of 2.88 Hz is observed. Thus, the cause of oscillations, obtained using
a detailed analytical model, coincides with the mechanism revealed by simplified models
and consists in the interaction of active power and voltage control loops (Section 3.3). With
increasing the PLL performance (bwpy; = 30 Hz), the instability occurs already at a higher
value of SCR =~ 1.55 (Lg = 0.645 pu) and for another cause. The major factor is the LPF
used for the voltage feedforward in the ICCL (A7 g). In this case, the oscillation frequency
becomes equal to 25.3 Hz (Figure 15b). These results coincide with the oscillations occurring
when the PLL performance is increased and the delays in the form of LPF are taken into
account (Section 3.5).

In Figure 15¢ with the PLL bandwidth close to the response speed of the outer control
loops, it is obtained that the instability occurs at the value of the grid impedance similar
to the case in Figure 15a (Ly = 0.875 pu). However, the instability occurs due to the
monotonous movement to the right half-plane of other conjugate roots—Ag jp—associated
with the PLL operation. The frequency of oscillations is 1.96 Hz. In this case, the cause of
oscillations is related to the insufficient damping effect of the PLL controller under weak
grid conditions.

Considering the P-Q inverter control (Figure 15d—{), a fundamentally different nature
of instability is observed. In the case of the initial PLL bandwidth (bwp;; = 13 Hz), the
instability is observed at L = 0.505 pu (Figure 15d), which is 42% less than the value
obtained with P-V control (Figure 15a). This is evidenced by the location of the root A1;
of the outer active power control loop in the right half-plane. At the same time, the root
A11 is on the real axis, which indicates an aperiodic instability. The change of the PLL
bandwidth (Figure 15e,f) does not affect both the cause of instability and the moment of
its occurrence. In this case, only the location of the conjugate roots Ay g and Ag 19 changes
significantly on the complex plane, as can be seen from the presented root loci. As a result,
P-Q control does not allow ensuring stable operation of the power converter under ultra-
weak grid conditions with SCR values close to one, without considering the installation
of additional reactive power sources to regulate the voltage level at the PCC. Thus, the
identified mechanism in all cases has an aperiodic nature, which coincides with the results
obtained using simplified models in Section 3. The exception is the case with increased
PLL bandwidth (bwpr; = 30 Hz). In this case, the aperiodic instability is dominant, which
eventually minimizes the probability of oscillations due to the PLL controller operation.

In the case of using a DC-link voltage controller (DVC-V control), an additional root (as
well as the state variable) appears in the considered system, associated with the introduction
of the indicated control loop. As a result, a pair of conjugate roots A1y 17 of the outer active
power control loop and a root A3 of the outer reactive power control loop are formed in
this case. The root loci for this control method are shown in Figure 15g-i. Figure 15g shows
that at bwpry = 13 Hz, the cause of instability is the location of the roots A1 12 of the outer
active power control loop in the right half-plane. Therefore, unlike P-V control, the cause
of oscillations is only the active power control loop, which confirms the conclusions of
Section 3.2. At the same time, the instability is observed at Ly = 0.625 pu, which is 28%
less than the value obtained with P-V control (Figure 15a). When the PLL bandwidth is
increased up to 30 Hz (Figure 15h), the roots Ag 19 of the PLL are naturally moved to the left,
and the instability is already observed at a smaller value of Lg = 0.565 pu. In the latter case,
the instability is due to the roots Ay g of the LPF used for the voltage feedforward in the
ICCL, as in the similar case for P-V control (Figure 15b). When bwpy; is reduced to 5 Hz for
DVC-V control (Figure 15i), it follows that the stability margin under weak grid conditions
increases—instability is observed at Ly = 0.76 pu, which is 22% higher than the value in
Figure 15g. At the same time, the mechanism of oscillation occurrence also changes. The
pair of conjugate roots Ag 19 of the PLL is located in the right half-plane. Thus, the use of
DVC-V control is somewhat different from P-V control in the nature and mechanism of
oscillation occurrence. An inappropriate tuning of the active power control loop will lead
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to oscillations much earlier at lower grid impedance than in the case of P-V control due
to the manifestation of interaction in active power and voltage control. Consequently, the
stability margin is reduced with such control under weak grid conditions.

For all cases with DVC-Q control (Figure 15j-1), it is characteristic that, regardless
of the PLL bandwidth, instability is observed at a value of Lg ~ 0.5 pu, as in the case of
P-Q control (Figure 15d—f). When bwpy; = 13 Hz (Figure 15j), similar to Figure 15d, an
aperiodic instability occurs because one root of the pair A1g 12 of the outer active power
control loop is in the right half-plane on the real axis. However, when the PLL bandwidth is
increased to 30 Hz (Figure 15k), it can be seen that the instability has an oscillatory nature,
and the cause is already a pair of conjugate roots A7 g associated with the LPF of the voltage
feedforward. This mechanism of oscillation occurrence coincides with the general trend
identified in Section 3.5, and differs from the P-Q control case. At the same time, when the
PLL bandwidth is reduced to 5 Hz (Figure 151), the instability occurs again due to the pair
of roots A1 12 of the outer active power control loop, which is expressed as an oscillatory
instability at L = 0.495 pu. At further increase of the grid impedance (Lg = 0.5 pu) aperiodic
instability will occur, which is clearly seen from the presented root locus. As a result, the
considered DVC-Q control method has quite similar nature and moments of instability to
the case of P-Q control except for the case with the increased bandwidth of PLL.

The presented results confirm that the obtained analytical conclusions about the mech-
anism of oscillation occurrence using simplified models are correct. However, the results
obtained with the help of a detailed state-space model coincide quantitatively better with
the simplified models in which the dynamics of the PLL controller are taken into account.
Only in this case is it possible to avoid obtaining both excessively negative and positive
conclusions about the stability of the grid inverter in a wide range of operating conditions.

It is worth noting an important point related to the occurrence of oscillations due
to the interaction between the fast PLL controller and the dynamics of the weak grid. In
Section 3.5, it was noted that theoretically the outer control loops can be involved in this
mechanism of oscillations when their response rate is close to the PLL and grid dynamics.
However, such interaction has not been identified before. Therefore, using a state-space
model, the impact of tuning the control loops in the case of P-V inverter control on its stable
operation under ultra-weak grid conditions is additionally considered. As was shown
earlier in Figure 15a, with P-V control and initial PLL bandwidth (bwp;; = 13 Hz), in the
case of Ly ~ 0.9 pu, an oscillatory instability is observed due to the location of a pair of
conjugate roots A1 12 of the outer control loops in the right half-plane (Case 1 in Figure 16).
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Figure 16. Root loci in the case of P-V control when changing the parameters of the control loops and
the inverter load.
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Increasing the response rate of the voltage controller (Kpy = 1 and K}y = 100) makes it
possible to exclude the occurrence of instability under ultra-weak grid conditions and to
achieve the value of SCR ~ 1 (Case 2 in Figure 16), which can be seen from the location of all
roots in the left half-plane at Ly = 0.97 pu. This fact confirms the conclusions made earlier in
Section 3.1. It is very important that in the above cases, the full-load inverter is considered
(iog = 1 pu). If the inverter load is reduced, which is relevant due to the stochastic nature
of renewables, the instability is observed again (Case 3 in Figure 16). The frequency of
oscillation is 25.6 Hz. However, all the previous conclusions in Section 3 pointed out the
opposite that decreasing the inverter load should increase the stability margin. Thus, this
case is fundamentally different from the oscillation mechanisms discussed earlier. The
cause of instability was the conjugate roots Ay g, corresponding to the LPF and entering the
right half-plane. In order to ensure stable operation of the grid inverter at its low load, it
is necessary to reduce the PLL bandwidth, e.g., to 8 Hz with Kpp;; = 25 and Kj p;;, = 820
(Case 4 in Figure 16). However, when the inverter load is increased again and the PLL
bandwidth is retained low, instability is observed (Case 5 in Figure 16)—the root A1y of
the outer active power control loop has a positive real part and lies on the real axis. Thus,
when the inverter load decreases, a new mechanism of oscillation occurrence is manifested,
the cause of which is the Interaction of outer controllers and PLL, which are comparable In
response rate, under weak grid conditions. It is possible to increase the stability margin in
this case by reducing the response rate of PLL and outer controllers, but this tuning is not
appropriate when the inverter load increases. As a result, there is no possibility to use the
same settings of controllers for different operating conditions of the grid inverter.

4.2. Simulation Verification and Analysis of Oscillation Spectrum

In order to verify the conclusions obtained from the detailed analytical model of the
grid inverter with different control methods, the time-domain simulation of the detailed
mathematical model of the three-phase two-level power converter, its control system and
three-phase electric network using the PSCAD software is performed. Figure 17 shows
waveforms of the output active power and three-phase current of the inverter for cases of
P-V and P-Q control at different PLL bandwidth changes in the grid impedance leading to
instability. This will allow adequately assessing the validity of the conclusions obtained
using the analytical models of the system.

It can be seen from Figure 17a,b that when the detailed three-phase inverter model in
the time-domain is considered with P-V control, instability occurs at grid impedances L
similar to the values obtained using the detailed analytical model (Figure 15a,b). In this
case, it is observed exactly oscillatory instability with oscillation frequencies of about 2.7 Hz
for bwpy 1 = 13 Hz and 23.4 Hz for bwpy = 30 Hz, which coincides with the frequencies of the
roots entering the instability region in Figure 15a,b. When the inverter control is changed
to P-Q control, an aperiodic instability is clearly observed at L = 0.51 pu (Figure 17c). This
confirms the conclusions obtained earlier in Section 4.1 for a similar case (Figure 15d).

Figure 17d shows the case described at the end of Section 4.1 for P-V control with
increasing response rate of the outer voltage control loop, which achieves stable operation
of the grid inverter under ultra-weak grid conditions at full load (see the waveforms up to
the moment of disturbance at 10 s). For the detailed three-phase model of the inverter, the
permissible value of L before instability is 0.92 pu, which is only 5% less than the value
for the analytical model. Furthermore, as a result of the reduction in the output power of
the grid inverter, an instability with a frequency of oscillation of about 27.1 Hz is observed,
which again confirms the conclusions drawn in Section 4.1. In the same way, results were
obtained for DVC-V and DVC-Q control, which confirmed the nature of the processes and
instability shown in Figure 15g-1.

Furthermore, using the obtained waveforms of three-phase currents shown in Figure 17
for different cases, the spectrum of occurring oscillations was assessed using the discrete
Fourier transformation (Figure 18) [36].
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Figure 17. Waveforms obtained using detailed modeling: (a) P-V control with bwpy; = 13 Hz and
increasing Le, (b) P-V control with bwpy; =30 Hz and increasing L, (c) P-Q control with bwpy; = 13 Hz
and increasing Ly, (d) P-V control with decreasing P.

All the previously shown oscillation frequencies obtained by analyzing the detailed
analytical model are related to the dg synchronous reference frame. The oscillations of
active and reactive power of the grid inverter have the same frequency (Figure 17). If
the discrete Fourier transformation is applied to the phase A current (Figure 18a) with
P-V control, the dominant frequencies are 47.2 Hz and 52.8 Hz. These frequencies are
already related to the abc stationary reference frame and are mirrored with respect to the
fundamental frequency. These frequencies differ from fundamental by the value obtained
in the synchronous reference frame (2.88 Hz in Figure 15a): 50 — 2.88 = 47.12 Hz and
50 + 2.88 = 52.88 Hz. As can be seen, the obtained values of oscillation frequencies using
Fourier analysis and the analytical model are quite similar—the difference is not more than
1%. Similar dependences were obtained for other conditions (Figure 18b,c). At the same
time, the mirror arrangement of the frequencies of the occurring oscillations proves that
they are related exactly to the control system of the grid inverter, which are controlled in
the dq reference frame [8,53].
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5. Experimental Verification

For further assessment of the obtained mechanisms and causes of oscillations, ex-
perimental studies were carried out by a control hardware-in-the-loop testing of the grid
inverter using the RTDS (Figure 19). The RTDS rack is equipped with four PB5 pro-
cessor cards and necessary input/output cards. Signal measurement was taken with a
four-channel, 100 MHz bandwidth Rigol MSO4014 oscilloscope (Rigol, Beijing, China).
The control system of the grid inverter with different control methods was coded into
STM32H743Z1 industrial microcontroller (STMicroelectronics, Geneve, Switzerland), which
was used to control the digital model of the inverter in RTDS in real time. The test scheme
with a grid-following inverter (Figure 1) is modelled in RTDS, with the electrical control part
for the inverter implemented in STM32 microcontroller. The input of the microcontroller re-
ceives instantaneous values of three-phase currents and voltages through digital-to-analog
converters of specialized RTDS cards. The output of the microcontroller generates PWM
signals to control the digital model of the inverter. For verification, the cases that have
been presented in detail in Section 4.2 are studied. The obtained waveforms of the inverter
output active power and phase A current used in analog form by the microcontroller are
shown in Figure 20. The output active power of the digital inverter model was measured on
a microcontroller, where it is calculated based on instantaneous power theory, by providing
a signal output to an integrated digit-to-analog converter.

Figure 20a shows the case for P-V control of the inverter with bwp;; = 13 Hz during
instability as a result of increasing the grid impedance Lg up to 0.85 pu, similar to Figure 17a.
It is shown that increasing the response speed of the outer voltage controller helps to
prevent the occurrence of oscillations of about 2.7 Hz with increasing magnitude. The latter
ensures the stability of the grid inverter under ultra-weak grid conditions. Furthermore, it
follows from Figure 20b that the obtained conclusion is valid under full-load inverter, since
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oscillations with a frequency of 27 Hz occur in the case of a decrease in the output power.
In order to ensure stability in this case, it is possible to reduce the PLL bandwidth, which is
confirmed by the waveforms in Figure 20b.
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Figure 19. Experimental setup for closed-loop testing.
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Figure 20. Experimental results obtained during closed-loop testing in the case of P-V inverter control:
(a) with bwprr, = 13 Hz and increasing Lg, and then changing the parameters of the voltage controller,
(b) with decreasing P,,f and PLL bandwidth, (c) with bwpy; = 13 Hz and increasing P, and then
increasing PLL bandwidth.

However, at low bandwidth of PLL and increasing the output power (Figure 20c), the
occurrence of undamped oscillations with a frequency of about 4 Hz is again observed.
Earlier in Figure 16 it was shown that the instability in this case occurs because the root
of the outer control loop is located in the right half-plane. Thus, the instability of such
tuning parameters of the control system is satisfied. At the same time, as the closed-loop
testing shows, at first there will be an oscillatory instability due to the PLL operation with
subsequent aperiodic instability. To maintain stability, it is possible to increase the PLL
bandwidth back to bwpy |, = 13 Hz (Figure 20c). It is worth noting that at an excessive increase
of the PLL bandwidyth, e.g., to bwpy | = 30 Hz, instability will be observed, as shown at the
end of the waveforms in Figure 20c, where the frequency of occurring oscillations is about
24 Hz, which corresponds to the conclusions obtained from Figure 17b. In summary, the
experimental results obtained confirmed the previous conclusions based on the simplified
and detailed models of the grid inverter.

6. Summary of Research Results and Classification of SSO Occurrence Mechanisms

Based on the results of the research, a summary table reflecting the mechanisms
of SSO occurrence and their features was formed (Table 4). The major cause leading to
the occurrence of SSO is the weak grid conditions. The impact of inverter load has a
non-directional effect. In most cases, increasing the load also increases the probability
of oscillation occurrence. However, when the response rate of outer control loops, such
as a voltage controller, becomes comparable to the PLL controller, their interaction will
lead to the SSO occurrence already when the inverter output active power is reduced.
Another cause of oscillations is the PLL itself. The nature of oscillations depends on the
PLL bandwidth. At high bandwidth, oscillations are associated with possible delays in
signal processing and filtering. At a rather slow PLL operation, the oscillations are caused
by the lack of damping properties due to inappropriate settings for the current operating
conditions. This specific characteristic of the SSO due to the PLL operation is manifested for
most control types: P-V, DVC-V and DVC-Q. The only exception is P-Q control, in which
5S0s do not occur because aperiodic instability occurs much earlier due to reaching the
limit of network power transfer capability. At the same time, in the case of maintaining
the voltage level in the network at the expense of external sources, SSO may occur due to
the high-speed PLL. It is worth noting the DC-link voltage controller (DCVC in Table 4),
the inappropriate tuning of which leads to oscillatory instability in most cases. In addition,
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5SOs occur due to the interaction of active power controller (APC in Table 4) and voltage
controller (VC in Table 4), even in case of an appropriate tuning of each of them.

Table 4. Classification of SSO occurrence mechanisms related to the inverter control system.

Control P-V Control P-Q Control DVC-V Control DVC-Q Control
bwpr bwyc bwpr bwprr bwyc bwprr
Conditions High Med. Low High High Med. Low High Med. Low High High  Med. Low
Ope- Lg Increase 1
t A
conds. fod T T T 4 T T T T T 1 ! 1 1 1
tions u, Decrease |
fj\i?algﬁ ft’; oscil. oscil. oscil. oscil. osc:iléiiape— aperiod.  aperiod. oscil. oscil. oscil. oscil. oscil. ;;ES- oscil.
Mirrored
frequency yes yes yes yes yes/no no no yes yes yes yes yes no yes
222 frequencyin - <p53 ~28  ~196 <256 ~27/- - - ~26 ~ ~3 ~4 o~ - 13
APC PLL N.A. N.A. PLL
De- and PLL and De(lays/ NA power (power . peye PLL and . DCVC DCVC
Cause of SSO 1 e vC tun- vC power trans- trans- 1 e tunin tun- VvC 1 © tun- tun-
ays inter- ing inter- transfer fer fer ays uning ing inter- ays ing ing
action action limits) limits) limits) action

1 indicates an increase in the parameter, | indicates a decrease in the parameter.

The distinctive features of the occurring oscillations are their wide frequency spectrum,
which, according to the experimental results, ranged from a few Hz to values close to the
synchronous frequency. The second feature is the presence of two mirrored frequencies of
oscillations in three-phase variables with respect to the synchronous frequency. Moreover,
this feature can be found for all mechanisms and can reasonably be considered as one of
the main criteria indicating the SSO occurrence due to the inverter control system under
certain operating conditions of the external grid.

7. Conclusions

This paper presents the results of analyzing simplified and detailed models of the grid
inverter taking into account different approaches to active and reactive power control. The
considered sequence of models with their increasing complexity allowed to identify specific
control loops that lead to the SSOs occurrence and factors that increase the probability
of oscillations.

As a result, five different mechanisms of SSO occurrence were identified from the
various simplified models. Moreover, using the developed detailed state-space model it
was possible not only to verify the results obtained using simplified transfer functions, but
also to identify an additional sixth mechanism of SSO occurrence.

As a result, on the basis of frequency analysis, time-domain mathematical modeling
and closed-loop testing, this paper classifies the mechanisms of SSO occurrence related to
the dynamics of the grid inverter control system under various operating conditions. The
classification is based on the division of mechanisms according to the applied controllers
and the PLL bandwidth, different combinations of which determine the mechanism of
SSO occurrence. Three PLL bandwidths and four controllers are considered. In addition,
the inverter operating conditions have a significant impact, which can lead to different
mechanisms of SSO occurrence. Among the latter are the grid strength, the inverter load
and the grid voltage.

The distinctive feature of the SSOs considered in this paper, which are related to
the control system of the grid inverter, is the wide frequency range (from low-frequency
oscillations up to synchronous frequency), as well as the mirror arrangement of oscillation
frequencies for three-phase variables. Thus, it has been proven that the mechanisms of
oscillations are various. At the same time, it is currently quite difficult to form universal
quantitative indicators that would signal the occurrence of oscillations and serve as their
indicators in practice. For this purpose, further research and experimental studies will
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be performed. In addition, further research should consider the impact of plant-level
controllers on the mechanism of SSO occurrence.
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Appendix A

Table Al. Grid and inverter parameters.

Parameter Value Parameter Value Parameter Value
u,, v 400 Lg, pu 0.2 Kpp, pu 0.2
Sp, kKW 50 Kff, pu 1 Kip, pu/s 27
fp, Hz 50 Tﬁz, S 0.001 Cg4c, uF 3200
fow, kHz 4 Kpc, pu 0.15 Up e, V 800
Lf, mH 1.53 Kic, pu/s 2.07 Kpy, pu 0.25
Cf' uF 75.2 Kp,pLL, pu 0.191 KIV/ pu/s 22
Rq, pu 0.001 Kiprr, pu/s 4.4563 Imax, pu 1.2
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