& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 12 April 2022
doi: 10.3389/fenrg.2022.875654

OPEN ACCESS

Edited by:
Ariya Sangwongwanich,
Aalborg University, Denmark

Reviewed by:

Rui Wang,

Northeastern University, China
Minghao Wang,

Hong Kong Polytechnic University,
Hong Kong SAR, China

*Correspondence:
Yanghong Xia
royxiayh@zju.edu.cn

Specialty section:

This article was submitted to
Solar Energy,

a section of the journal
Frontiers in Energy Research

Received: 14 February 2022
Accepted: 14 March 2022
Published: 12 April 2022

Citation:

Check for
updates

Transient Stability Analysis and
Control of Distributed Photovoltaic
Generators in the DC Distribution
Network

Hanghang He, Yanghong Xia*, Wei Wei and Pengcheng Yang

College of Electrical Engineering, Zhejiang University, Hangzhou, China

As dominant power sources, the safe and reliable operation of photovoltaic (PV)
generators is crucial for the DC distribution network. This study analyzes the transient
stability of PV generators under large disturbances and proposes a variable parameter
control strategy to suppress the transient instability. First, the transient stability of the PV
generators is analyzed using the proposed power—voltage evolution curve. It is found that
the PV side easily suffers undervoltage faults during the transient process, which will cause
instability of the system. Based on the revealed unstable mechanism, the variable
parameter control is proposed to enhance the transient stability of PV generators.
Finally, all the findings have been validated by hardware-in-loop tests.

Keywords: DC distribution network, photovoltaic generators, transient stability, variable parameter control,
power-voltage evolution curve

INTRODUCTION

In recent years, the demand for clean renewable energy sources has attracted the worldwide attention
in order to alleviate the environmental degradation and the traditional fossil fuel energy depletion
crisis (Chaiyatham and Ngamroo, 2017). As one of the most important renewable energy sources,
solar energy is of great significance to energy security (Zhao et al., 2019), and photovoltaic (PV)
power generation is the major form to utilize solar energy. Thanks to the technological advancements
in solar cell manufacturing and semiconductors, the inexhaustible PV generators have been
developed into one of the most prospective sources (Farsi and Liu, 2020) (Safayatullah et al., 2021).

PV generation technology has been developing rapidly all over the world; many scholars have
conducted extensive and in-depth research on current issues such as PV system modeling (Li et al.,
2011; Liu et al., 2011; Li, 2013), power generation (Eftekharnejad et al., 2015; Sangwongwanich et al.,
2016; Fathabadi, 2019), materials (Uprety et al., 2018;Bosco et al., 2020), and control strategies
(Shadmand et al., 2014; Weckx et al., 2014; Quan et al., 2020), and many achievements have been
obtained. However, with the expansion of the PV power generation scale, especially as the role of PV
power generation changes from auxiliary power to dominant power, its dynamic characteristics play
an important role in the stable operation of power system. Due to the intermittent and fluctuation
characteristics of PV power generation, its large-scale grid connection brings great challenges to the
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stability of the power system (Kawabe and Tanaka, 2015) (Wang et al., 2016).

PV generators show DC characteristics, and if they can be connected to the DC distribution,
additional DC/AC conversion stages will be saved compared to being connected to the traditional AC
distribution network (Azeem et al., 2020). On the other hand, the DC distribution network can also
avoid additional DC/AC conversion stages when providing power for DC loads. Therefore, the
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development of the DC distribution network can obviously
improve system efficiency when the power system integrates
DC sources and DC loads (Song et al., 2013). Nevertheless,
with the high penetration of PV generators, the dynamics and
characteristics of DC distribution network will be changed
profoundly, and the system stability is greatly influenced
(Eftekharnejad et al., 2013; Lammert et al., 2019).

Shah et al. (2015) extensively reviewed the stability challenges
for the integration of large-scale PV generators. The existing
studies on the stability analysis of PV generators can be divided
into small-signal stability (Majumder, 2013; Coelho et al., 1999)
and transient stability (or large-signal stability) (Ishchenko et al.,
2006; Chen et al., 2010; Xiao and Fang, 2010; Fu et al., 2014). The
former topic focuses on the system dynamics under small
disturbances, while the latter topic mainly pays attention to
the system dynamics under large disturbances. Much attention
is paid to small-signal stability, and relevant research on different
problems such as power harmonic stability (Wang and Blaabjerg,
2019; Wang et al., 2014), harmonic resonance (Hong et al., 2019;
He et al., 2013), and weak grid (Xia et al., 2019; Dahal et al., 2011)
are mature. Moreover, related analysis methods such as
impedance analysis (Sun, 2011; Zeng et al,, 2011; Zhou et al,
2018), modal analysis (Kouki et al., 2020), and state space method
(Davari and Mohamed, 2017; Huang et al, 2015) have been
discussed in depth. However, if large disturbances occur, the
small-signal stability analysis is no longer applicable, and the
transient stability analysis is indispensable. Transient stability
refers to the ability of the system to resume normal operation
after a sudden and serious failure occurs (Kundur, 1994), while
only a few research studies can be found on this field, especially
for the PV generators in the DC distribution network.

In Yagami and Tamura (2012), the influence of PV
generators on transient stability of the power system has
been analyzed using a single-machine infinite bus system.
Furthermore, Liu et al. (2011) revealed the key factors that
influence the transient stability including fault locations,
disturbance types, topologies, and high PV penetration levels.
In Priyamvada and Das (2020), a transient stability criterion for
PV generators with DC-link control and reactive power control
is proposed, and this criterion is applicable to all kinds of short
circuit faults. Huang et al. (2019) explained the transient
stability behavior of the droop-controlled voltage source
converters (VSC) theoretically. This study shows that
transient instability will occur to the droop-controlled VSC
when its current is saturated under large disturbances. Then,
a modified P-f droop control is proposed to deal with this
problem and to enhance the system transient stability. In Zhang
et al. (2017), the transient stability of the grid-connected VSC is
analyzed by the modified equal area criterion. However, the
conventional equal area criterion-based stability analysis is not
applicable for PV generators connected to the DC distribution
network.

The aforementioned research studies on transient stability
analysis mainly focus on the AC distribution network which
mainly draw lessons from the stability analysis of synchronous
generators. Based on the power—angle relationships, the transient
stability of PV generators connected to the AC distribution
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network can be analyzed effectively. Nevertheless, for the DC
distribution network, there is no mature experience that can be
referred to; hence, much fundamental research should be
developed.

Wang et al. (2013) proposed a voltage hierarchical
coordination control strategy. The operating state is switched
in real time according to the DC bus voltage deviation value,
which can maintain the system stability. However, it is difficult
to give a good support if a sudden change occurs in DC bus
voltage. Many scholars (Griffo and Jiabin Wang, 2012) (Jiang
et al., 2019) constructed corresponding Lyapunov functions in
order to analyze the convergence of the system trajectory and to
determine the attraction domain of the system. Griffo and Jiabin
Wang (2012) employed Brayton-Moser mixed potential
functions to confirm the transient stability boundary of the
whole system. Kabalan et al. (2017) reviewed the Lyapunov-
based large-signal stability studies and proposed the direction
for future research. In Jiang et al. (2019), an improved analysis
method for transient response characteristics of the load
converter is proposed, and a more precise stability criterion
is obtained. However, the results of the Lyapunov direct method
tend to be conservative, and there does not exist a widely
accepted theory on how to construct Lyapunov functions.
Compared with the full-fledged linear system analysis
method, the information obtained from the Lyapunov
function is very limited, which is not conducive to revealing
the essential stability mechanism.

Focusing on the aforementioned challenges, this article
proposes a new paradigm to analyze the transient stability of
PV generators under large disturbances when they are
connected to the DC distribution network. First, the large-
signal model of a single-PV generator connected to the DC
bus is established. Then, the transient stability of the PV
generator during the DC bus voltage sag and recovery stages
is analyzed using the proposed power-voltage evolution curve,
which contrasts with the power-angle curve in the AC power
system. The influence of corresponding control parameters is
carefully studied, and the unstable mechanism is revealed. It is
found that the PV side easily suffers undervoltage faults during
the transient process, which will cause instability of the system.
Next, the variable parameter control is proposed to enhance the
transient stability based on the revealed unstable mechanism.
The effectiveness of the proposed transient stability analysis and
control methods is validated through related hardware-in-
loop tests.

The remainder of this article is organized as follows: In Large-
Signal Model of PV Generators Connected to DC Distribution
Network section, the large-signal model of a single PV generator
connected to the DC bus is established. Then, Transient Stability
Analysis Based on the Power-Voltage Evolution Curve section
analyzes the transient stability using the power-voltage evolution
curve in detail. After that, the proposed variable parameter
control method is introduced in Variable Parameter Control
for the Transient Stability Enhancement section. The related
real-time hardware-in-loop (HIL) tests are conducted in
Hardware-in-loop Tests section. At last, Conclusion section
concludes this article.
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FIGURE 1 | Topology and control of a PV generator connected to the DC distribution network.
LARGE-SIGNAL MODEL OF PV Figure 1. Therefore, the system dynamics during large

GENERATORS CONNECTED TO THE DC
DISTRIBUTION NETWORK

The topology of a PV generator connected to the DC distribution
network is shown in Figure 1. The buck DC/DC converter is
connected the PV generator and the DC distribution network.
The capacitor on the PV side is Cp,; the output voltage, current,
and power of the PV panel are vy, iy, and Py, respectively. The
output of the buck DC/DC converter is filtered using an LCL
filter, the corresponding inductors and capacitor are L;, L;, and
C, whose inductive currents and capacitive voltage are i}, i, and
vc. The input power and output power of the whole DC/DC
converter system are P; and P,. The DC distribution network is
simplified as an ideal voltage source v;.

There is a breaker between the PV generator and the DC
distribution network. If serious faults occur, the breaker will be
triggered and the PV generator will be disconnected, especially
when the input voltage of the buck DC/DC converter is lower
than its output voltage, that is, v, < v..

Figure 1 also shows the control method, which is a typical
multi-loop control strategy (Tafti et al., 2018). The whole control
strategy can be divided into three parts, namely, the outermost
loop, the middle loop, and the innermost loop. The outermost
loop is a PV power control loop based on the perturbation and
observatlon (P&0O) method, which generates reference PV
voltage VPV for the middle loop. The middle loop is the PV
voltage control loop, which enables v, to follow the reference
value v;i,f precisely through a proportional-integral (PI)
controller. It is worth noting that this PI controller sets a limit
I'"%* on the output amplitude to avoid overcurrent faults of the
converter. At the same tlme, the middle loop generates the
reference output current i, 7 for the innermost loop. Last, the
innermost loop is the output current control loop, which realizes
accurate current tracking based on a PI controller. In addition,
the proportional controller-based damping control is adopted to
enhance the system stability.

Usually, the bandwidth of the innermost current loop is
10 times larger than that of the outer loop, as shown in

disturbances are mainly dominated by the slow outer loops.
To simplify the analysis, the current loop can be viewed as a
unity gain (Wu and Wang, 2020), and the output inductor
current i, can track its reference value i;ef in time. Hence, it
can be obtained as follows:

d' re
% =ki(vp = v;7)

ref =k (VPV pvf) + i
i o<if <pme’

i, = 0,i <0

L Imax’ i;ef > Imux
where k, and k; are the proportional and integral coefficients of
the PV voltage loop, i is the output of the integral controller, and
I'"3% is the allowable maximum output current of the voltage
control loop, as shown in Figure 1. Under large disturbances, the
outermost power control loop will freeze its output v;,i,f to avoid
the disorder of the P&O method. Hence, v;evf is constant during
the large disturbance period. It can be seen that i, is greatly
influenced by vp,.

Furthermore, if the loss of the switch tubes and filters is
ignored (Severino and Strunz, 2019), that is,

Pi:Pn:vs'i2~ (2)
Then, the PV side model can be established as follows:

I C dvz =P,,—P,
PV 4. dt pv 0

G exp (Vp, [NsVia ) - ’

P, =v,,-N, (I, + KGAT)| — -
pv = Voo Ny (Le + KiAT) Gy exp((Vo+KyAT)/V,a)-
(3)

where N, and N are the number of modules in parallel and
series, respectively; I and V. are short circuit current and open
circuit voltage of a single module, respectively; K; and Ky are the
coefficients of current and voltage, respectively; AT is the
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difference between the actual and rated temperature; G and Gy
are the actual and rated irradiance, respectively; V; is the thermal
voltage; a is the ideal diode constant (Cai et al.,, 2018) (Villalva
et al,, 2009); and Py, is the output power of the PV panels. The
relationship between P, and v, is shown in Figure 2, where
pme* s the maximum power and V7, is the corresponding
voltage.

Combining (1)-(3), the simplified large-signal model of the
PV generator can be derived as shown in Figure 3. The PI
controller of the PV voltage loop is equivalent to a parallel form
consisting of a resistor and an inductor. The corresponding
resistance and inductance are 1/k, and 1/k;, respectively. It
should be noted that the amplitude-limiting part of this PI
controller are not presented, but its function is taken into
consideration when the stability is analyzed. From this figure,
it can be seen that the large disturbance of v, can directly
influence the PV side voltage v,,, which makes v, exceed its
normal range easily and causes the instability of the PV
generator. In addition, the whole model is strongly non-
linear, including PV panels, power coupling, and amplitude
limiting. Therefore, its transient stability analysis is challenging
and needs new methods.

TRANSIENT STABILITY ANALYSIS BASED
ON THE POWER-VOLTAGE EVOLUTION
CURVE

In this section, the transient stability of the PV generator is
analyzed when it suffers the DC bus voltage sag faults of the outer
DC distribution network based on the established large-signal
model in Large-Signal Model of PV Generators Connected to DC
Distribution Network Section.

Figure 4 shows the typical DC bus voltage profile when sag
faults occur. The voltage sag occurs at the time ¢ ; and disappears
at t,. In this figure, V7"** and V""" denote the DC bus voltage
under the normal and fault states, respectively.

For the traditional AC distribution network, it is required that
PV generators output maximum reactive currents to support the
ACbus voltage. Hence, the PV side voltage is not tightly related to
the AC bus voltage. However, for the DC distribution network,
only the active power is considered and PV generators should
output maximum active currents to support the DC bus voltage,
and the active power will influence the dynamics of the PV side
voltage. Therefore, the PV side voltage is tightly related to the DC
bus voltage, as shown in Figure 3. This is the nature difference
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FIGURE 5 | Logical relation diagram of changes about Py, Ppy, and vp,.

between DC grid-connected PV generators and AC grid-
connected PV generators.

When the DC bus voltage sag occurs, the original active power
balance on both sides of the capacitor C,, will be broken, which
will change the charging and discharging states of C,,. As a result,
the value of PV side voltage v,, will alter, which will affect the
stability of the whole system.

From Eqs 2, 3, it can be seen that the output power P, and PV
side power Py, are closely related to v, as shown in Figure 5. For
example, when v,, increases, i, will also increase according to the
PI control relationship, as shown in Eq. 1, and then P, will
increase according to Eq. 2. Moreover, depending on the PV
output model in Figure 2, P,, may increase or decrease. When
P,, and P, are not equal, capacitor Cy, will be in a charging or
discharging state, further changing the value of v,,. For the same
analysis logic, a decrease in v, can be deduced. Hence, it is a good
choice to describe the relationship between v;, and P, and P,
using the power-voltage evolution curve as shown later.

Transient Process Under DC Bus
Voltage Sag

In the analysis of this study, when the DC distribution network
encounters a large disturbance, the transient evolution process
can be divided into two stages, namely, the voltage sag stage and
the voltage recovery stage of the DC bus. The whole system
transient dynamics during the voltage sag and the recovery
process using the power-voltage evolution curve are illustrated
in Figure 6. The black curve describes the changing process of P,
with v,,, the red curve describes the correspondence between
output active power P, and v, during the voltage sag stage, while
the blue curve represents the relationship during the voltage
recovery stage. The arrows on each curve represent the movement
path of the working point.

In the normal state, the PV panel tracks the maximum power
point, that is, works at point 1 in Figure 6. In this state,

vref _ V" > (4)

P, =P, = P"
pv = Tpv

where P"%* is the maximum power of the PV panel and V;v is the
corresponding maximum power point voltage.

When the DC distribution network suddenly suffers large
disturbances, v; drops sharply from V™* to V™" and P,
suddenly decreases too, that is, the operating point of P,

Transient Stability Analysis and Control

decreases from point 1 to point 2 instantly at the fault-
occurring instant. Since PV power P, cannot change
immediately, during this period, P, > P,, the capacitor C;, is
in the charging state, the value of v;,, increases, and the operating
point of P, moves from point 1 to point 4 on the black curve. As
a result, the value of P, keeps decreasing.

According to (1), when v,, increases, at first, i, keeps
increasing until it reaches I"** and stays unchanged, and then
P, increases from point 2 to point 3, where P, = V"] Later,
P, remains constant and the operation point moves from point 3
to point 4.

On the other hand, an increase in v;, will lead to a decrease in
Py, when v, > V7, Finally, the operation point of P,, moves to
point 4, where Py, is equal to P,. At this point, the capacitor Cp,
stops charging and v,, reaches its maximum value V7'** and no
longer increases, indicating that the system reaches the
steady state.

After the DC bus voltage sag lasts for a period of time, the fault
is cleared and the DC bus voltage returns to normal. The voltage
recovery stage can be subdivided into three substages. Concretely,
substage I vp, decreases from V' to V7, substage Il: vy,
decreases from V7, to V", and substage lll: vp, returns from
Vi o Vo .

In substage |, the fault disappears and V" returns to V7"
with a sharp rise. Then, P, suddenly increases to the maximum
value P, = VI"**]"%* and the operation point moves from point
4 to point 5.

During this period, P,> P, capacitor Cp, is in the
discharging state, the value of v,, decreases, and the operating
point of P, moves from point 4 to point 1 on the black curve. As
a result, the value of P, keeps increasing until v, is equal to V;V

Since v, is always larger than V7, i, stays the same as I""**
because of the amplitude limiting part of the PI controller. P, also

P s

6 -
PA ——9
7
|

(=]

max

; A v
: 4
| 2 3 |
| |
| : | Vv
! 1 AR
2 el

FIGURE 6 | Power-voltage evolution curve of the PV generator and the
DC distribution network during the transient voltage sag and the recovery
process.
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stays unchanged, and the operation point moves from point 5 to
point 6.

In substage Il, v,, continues to decline since P, > P,,. Then,
vpy <V, causing the PI controller of voltage control loop to
desaturate. The relationship between i, and v;, can be rewritten
as follows:

t
2= 1" =k (Vy, =vp) = | K(Vp—va)dt, )
2
where t; denotes the time when v,, decreases to V;v. As vy,
continues to decline, both i, and P, will decrease. In this
substage, P,>P,, all the time, so C,, stays in the
discharging state and v,, keeps decreasing, and then P, will
decrease until v,, reaches Vyv"”, where P, is equal to P,. We can
see from Figure 6 intuitively that the operation point of P,,
moves from point 1 to point 7 and P, moves from point 6 to
point 7. Then, v;, reaches its minimum value V;f‘vi" and no
longer decreases.

However, the system does not reach the steady state because
the value of v,, is not equal to V;v and the output of the PI
controller i;gf is still changing. Hence, in substage Ill, i, and P,
will decrease at first, then P, < P, indicating that the capacitor
Cypy is in the charging state, so v,, will keep increasing until
V7, As a result, the operation points of P, and P, retrace
through the blue curve and black curve, respectively, and
finally reach point 1 after several cycles of oscillation, and
the system realizes stabilization. The whole dynamic process
has been analyzed in detail using the proposed power-voltage
evolution curve.

Influence of Parameters During the Voltage
Recovery Stage

Following the analysis of the transient dynamic process during
and after voltage sag, the influence of parameters is analyzed in
this section.

First, from the perspective of small-signal stability, the
bandwidth of voltage loop and current loop should be
matched with each other. If the control parameters k, and k;
are too large, the bandwidth of the voltage loop is close to or even
exceeds the bandwidth of the current loop, which will jeopardize
the small-signal stability of the whole system.

Furthermore, as mentioned in Large-Signal Model of PV
Generators Connected to DC Distribution Network section,
the buck DC/DC converter, which is a step-down converter,
connects the PV generator and the DC distribution network.
Hence, the input voltage v;, should be higher than the output
voltage v, all the time, which is a problem that tends to be
overlooked.

During the voltage recovery stage, v,, reaches the
minimum value V7" Only the condition with V7" > Vmex
can avoid tripping caused by undervoltage faults in practical
application. Hence, the value of V" should be larger than
Vmax, and the influence of parametric effect is worth
studying.

Transient Stability Analysis and Control

Rewriting (3) yields the following equation:

dv, i

pv . 2

— =y, =V —, (6)
v dt Py : Vpy

Cp
where i, is the output current of the PV panels, and the related
parameters are the same as those in Eq. 3.

Considering substage |l of the voltage recovery phase
mentioned earlier, taking the derivation on both sides of Eq. 5
and combining it with Eq. 2 yields the following equation:

dv,,

Pk L

— =" -v)|. )

Combining Eqs. 1-7 and Figure 6, it is found that parameters
ky, ki, and C,, have a great influence on the dynamic
characteristics of the system. Since the system model is a
complex non-linear differential equation, it is hard to find
symbolic solution. So the numerical solution is adopted, and
the phase portrait approach could provide an intuitive analysis.

Figure 7 shows the influences of different parameters. The
blue curve represents the relationship between P, and v;,, while
the curves of other colors depict the relationship between P, and
vpy under different conditions. The effects of different k, with the
same k; and C,, are evaluated in Figure 7A, the effects of
different k; with the same k, and C,, are analyzed in
Figure 7B, and the effects of different C,, with the same k,
and k; are depicted in Figure 7C.

From the perspective of the system stability, the input PV
voltage vy, of the buck DC/DC converter should not be too low.
In Figure 7A, Figure 7B, and Figure 7C, V™" represents the
allowable minimum value of v,, that can ensure normal
operation of the DC/DC buck converter. In other words, if the
intersection voltage of the two curves lies on the left of V""" like
point e of the green line in each photo, the breaker will be
triggered. As the three pictures show, by increasing k,, k;, or Cp,,
the slope of the P,-v,, curve will increase, so that the
intersection point may move to the right of V™. It is obvious
that these parameters have a non-negligible influence on both the
dynamic characteristic and transient stability of the whole system.

Substituting (6) and (7) yields the following equation:

) o ref
dPa — |:kp + k'C:PV("PV ‘.’pv )] (8)

— L2
dv,, iy = Vio il

Eq. 8 gives the slope of the P,—v,,, curve, which can reflect the
variation trend of the P,—v,, curve.

Proposition 1. During the dynamic process shown in Figure 6,
the following equation holds:

(vl,v-v;if)/<ipv -V l—2> >0. 9)

Vpv

Proof. During the dynamic process shown in Figure 7, v, is
lower than v;,evf all the time; hence, the numerator is always less
than zero. On the other hand, from Figure 3, the denominator is
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ki =1, 10, 20, and 40. (C) k, = 0.1, k; =5 and Cp, = TmF, 5mF, 10mF, and 20mF.
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FIGURE 7 | P,,—Vv,, curve and P, — Vv, curve during the voltage recovery stage. (A) ki = 5, C,, = ImF, and k, = 0.1,0.2, 0.4, and 0.6. (B) k, = 0.1, C,, = 1mF, and
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FIGURE 8 | Proposed variable parameter control. (A) Control structure. (B) Switching logic mode.
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essentially the current passing through the capacitor Cp,. Then, it
is easy to figure out that the denominator is also less than zero as
capacitor Cp, is discharging. As a result, (9) holds.

Based on Proposition 1, it can be concluded that a larger kp, k;,
or Cp, will cause a larger slope of the P,—v,, curve, and
consequently, the intersection points will be more to the right
like from point e to point b, which enhances the transient stability
during the voltage recovery stage.

At the same time, from the aforementioned analysis, it can be
seen that the stable constraints of small-signal stability and
transient stability for controller parameters of PV voltage
control loop are mutually contradictory. The proper control
parameters can be chosen by making a trade-off between the
small-signal stability and the transient stability constraints. The
aforementioned conclusions have important value for parameter
tuning in the experimental process.

The proposed transient stability analysis method based on the
power-voltage evolution curve has many advantages over the
existing methods (such as the Lyapunov-based large-signal
stability analysis method). First, the Lyapunov method needs
to construct an appropriate energy function to analyze the
transient stability of the system. The difficulty is that it is not
easy to construct the energy function, and the correct result
cannot be obtained by using an incorrect energy function. The
method proposed in this article does not have this problem, and it
is easy to obtain the corresponding relationship between power
and voltage, so it is not difficult to analyze the dynamic process of
the system in each stage of transient response. Second, the results
obtained by using the Lyapunov method are usually conservative,
which can only know whether the system is stable but cannot
accurately estimate the attraction domain of the system. The

proposed method can accurately judge the stability range and
stability boundary of the system. Third, the information obtained
by using the Lyapunov method is very limited, which is not
conducive to revealing the essential stability mechanism of the
system. The proposed method can accurately reflect the dynamic
response of the system in the transient process and can reveal the
stability/instability mechanism of the system well.

VARIABLE PARAMETER CONTROL FOR
THE TRANSIENT STABILITY
ENHANCEMENT

From the analysis presented in Transient Stability Analysis Based
on the Power-Voltage Evolution Curve section, the system will
lose its stability, and the tripping of circuit breaker may take place
when Vg‘j” < ;. In contrast, appropriately increasing parameters
ky, ki, or Cp,is beneficial to system stability. Since the capacitor
Cyy is difficult to be replaced during the actual experiment, it is
more common to change the control parameter. Inspired by this
mechanism, the variable parameter control is introduced in this
section to enhance the system transient stability during the DC
bus voltage recovery stage. The basic idea is to increase the values
of k,, k; appropriately at the beginning of the voltage recovery
stage and let them recover after a period of time, which thus
guarantees the transient stability during the voltage
recovery stage.

Figure 8A shows the proposed variable parameter control
structure, and its switching logic is displayed in Figure 8B.
Compared to the conventional control, as shown in Figure 1,
only a switching logic mode is added. The subscripts 1 and 2 of
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FIGURE 9 | HIL tests setup.
TABLE 1 | Parameters of the system and the PV generator.
Parameter Value
Filters (L1,Lo,C) 1.8mH, 1mH, and 30pF
PV capacitance (Cpy) 1mF
Maximum current (/7)) 90 A
Reference PV power and voltage (P, V;V) 23 kW, 774V
Voltage loop (PI) kp1 =0.1,kiy =5, kpo = 0.35,kpp = 22.5
Current loop (P) kp =0.01,k =3
Active damping re = 0.01
Voltage change Av = 250V
Time duration At = 0.08s
Number of modules (N, Ns) 13,30
Short circuit current and open circuit voltage (Ise, Voc) 8.21A,32.9V
Coefficients of current and voltage (K, Kv) 0.0032A/K, -0.123V/K
Temperature difference (AT) 0
Actual and rated irradiance (G, G) 300W/m?, 1000W/m?
Thermal voltage (V;) 1.39V
|deal diode constant (a) 1.3
Fault detection voltage (Av) 250V

the control parameters k,, and k; represent their values under the
normal and transient states, respectively. The two values have the
following relationship to ensure that the system gets out of the
unstable state as follows:

(10)
(11)
In the voltage recovery stage, the DC bus voltage increases sharply

from V" to V¥ When the voltage sensor detects this step,
namely,

kpz > kp])
kir > ki,

Von — Veno1 > AV, (12)

where v, and v, represent the values of the detected DC bus
voltage at the current and last moments, respectively, and Av is
a given voltage value meaning a sudden and significant

increase in DC bus voltage. Once this event happens, it
suggests that the fault is cleared and the voltage recovery
stage begins. The value of k, and k; can be appropriately
increased to avoid instability.

After a period of time, At, kp, and k; return to their normal
k,1 and k;; values. The method to determine At is described as
follows. In substage llof the voltage recovery stage, the idea is
that before v,,, drops to its minimum value V%", the value of k,,
and k; remains at their increased values, namely, kp; and ki,
respectively. Considering that the curve of v,, changing with
time is smooth, when v, reaches V";“f”, it can be considered
that the derivative of v, with respect to time, namely, dv,,/dt,
is equal to zero. Therefore, this time is considered, that is, the
time when dv,,/dt = 0, minus the time at the beginning of
substage II, it is the desired Af. The main equations have
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FIGURE 10 | HIL results of voltage dynamics and power dynamics without the variable parameter control under the conditions ofk, = 0.1, k; = 5, and C,, = 1mF.
(A) Voltage dynamics of vs and v, . (B) Power dynamics of P, and Pp,.
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FIGURE 11 | HIL results of voltage dynamics and power dynamics without the variable parameter control under the conditions k, = 0.6, k; = 5, and C,, = 1mF. (A)
Voltage dynamics of vs and vp,. (B) Power dynamics of P, and Pp,.
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FIGURE 12| HIL results of voltage dynamics and power dynamics without the variable parameter control under the conditions k,, = 0.1, k; = 40, and C,, = TmF.
(A) Voltage dynamics of vs and vj,. (B) Power dynamics of P, and Pp,.
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FIGURE 13| HIL results of voltage dynamics and power dynamics without the variable parameter control under the conditions k,, = 0.1, k; = 5, and C,, = 20mF.
(A) Voltage dynamics of vs and v,,. (B) Power dynamics of P, and Pp,.

A B DSO-X 20244, MY58104319: Thu May 06 22.27.31 2021
DS0-X 20244, MY58104313: Thu May 06 222301 2021 2 3 500%/ 4 500%/ 1.000s 500.0%/ #ik
760%/ 2 760%/ 3 4 1.000s 500.03/ [ 313 / 0
g v
- 500ns/d v Récovery St Recovery
1 @
2 > > Normal | NN
Normal Fault Normal Fault Normal
P A4

S

OkW

FIGURE 14 | HIL results of voltage dynamics and power dynamics with the variable parameter control under the conditions k, = 0.1, k; = 5, and Cp,, = 1mF. (A)
Voltage dynamics of vs and vp,. (B) Power dynamics of P, and P, .

already been written and now we rewrite them with a few With the power-voltage evolution curve shown in Figure 6,
modifications as follows: the proposed variable parameter control method can increase the
. slope of the blue curve from point 6 to point 7 by increasing k,
devI _ (i R '_2> -0 and k;, which means that the intersection points of two curves will
dt =t G \? Vpv shift to the right. Hence, the value of V""" will increase and the
v risk of Vg‘v"" < v, will decrease, thus the stability of the system is
' G (m) enhanced.
{ o =Ny (L + KA 0 I KVAT> RECEY
P Via HARDWARE-IN-LOOP TESTS

t3
i =I"" - kpz(V;V - vpv) - J k,-z(V;v - vpv)dt In order to further evaluate the effectiveness of the proposed
. power-voltage evolution curve analysis and variable
At=t-t, parameter control strategy, the corresponding (HIL)

experimental tests are conducted using the RT-LAB and
TMS320F28335 DSP. The experimental setup of HIL tests
is shown in Figure 9. The PV generator circuit studied in the
experiment, which is identical to that of Figure 1, is simulated

where t, denotes the time when v, decreases to V;V and t3
denotes the time when v, decreases to V7"; the meanings of the
other parameters have always been described. Then, At can be

obtained using (13).
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in RT-LAB, and the control algorithm is realized using
TMS320F28335 DSP.

The whole experiment has experienced four stages: normal
stage — fault stage — recovery stage —normal stage. During the
normal stage, the DC bus voltage is V"** = 500V, while in the
fault stage, V™" = 100V. In this test, a voltage drop of more than
half of the normal voltage value, that is, 250 V, is considered to
enter the fault stage. Hence, the given fault detection voltage
Av =250V. The other circuit parameters and controller
parameters are shown in Table 1.

In the following experiments, we test the influence of different
parameters and the proposed variable parameter control strategy
on the stability of the whole system. These results are shown in
Figure 10. Figure 14 contains the voltage and power dynamic
processes during the whole process. Fig. (a) of each graph shows
the voltage dynamics of v and v;,, and Fig. (b) exhibits the power
dynamics of P, and Py,.

Figure 10A and Figure 10B show the dynamic process with
the initial parameters, that is, k, = 0.1, k; = 5, and Cp, = 1mPF.
When these parameters are relatively small, it can be seen that v,
drops below v, the circuit breaker trips, then the PV output
power P, becomes equal to zero, and v,, becomes the maximum
open circuit voltage, indicating that the system cannot return to
the normal state and lose stability during the voltage recovery
stage in this situation.

Then, increasing the values of different parameters in turn
with all other parameters being equal, that is, k, goes from 0.1 to
0.6 in Figure 11, k; goes from 5 to 40 in Figure 12, and C,,, goes
from 1 mF to 20 mF in Figure 13, respectively. From these three
pictures, it can be seen obviously that v, does not decrease below
vs anymore compared with Figure 10, and v,, is able to return to
its normal value. The experimental results can meet the related
analyses well as shown in Transient Stability Analysis Based on
the Power-Voltage Evolution Curve section B.

Figure 14 shows the voltage dynamics with the proposed
variable parameter control under the circumstance of initial
parameters, that is, k, = 0.1, k; =5, and C;, = ImF. The v,
curve is always above the v; curve which means that the proposed
variable parameter control can avoid excessive v,, drop and
circuit breaker tripping, then maintain the stability of the
system. By comparing Figure 14 and Figure 10, it is easy to
see that the system is unstable under the original control method
(without the proposed variable parameter control strategy). The
stability of the system can be achieved by using the same control
parameters after using the proposed variable parameter control
strategy, and the superiority of the proposed variable parameter
control strategy can be proven. The experimental results verify
the effectiveness of the variable parameter control, as shown in
Variable Parameter Control for The Transient Stability
Enhancement section.

It should be noted that in this HIL test, the control parameters,
that is, k, and k;, are adjusted for only one particular Py, — v,
curve in order to demonstrate the effectiveness of the proposed
analysis and control strategy clearly. If environmental parameters

Transient Stability Analysis and Control

such as solar radiation change, the maximum power of PV output
will also change. The existing controller parameters also stabilize
the system when the Py, — vp, curve changes to a small degree
(e.g., the maximum power point voltage V', changes from 774 to
800 V). However, when the P, — v;, curve changes greatly (e.g.,
the maximum power point voltage V7, changes from 774 to
1600 V), the existing controller parameters often need to be
adjusted appropriately. On this basis, other forms of variation
can be made. The analysis and control methods proposed in this
article can be generalized and applied to other conditions. It is
neither necessary nor possible to list all PV curves.

CONCLUSION

This article has analyzed the transient stability of the
distributed PV generator connected to the DC distribution
network and proposed the variable parameter control method.
First, the mathematic model is established when analyzing the
transient stability. Then, the transient stability during the DC
bus voltage sag and the recovery stage is analyzed using the
power-voltage evolution curve. It is shown that the PV side
easily suffers undervoltage faults during the transient process,
and then the system will lose stability. Moreover, the influence
of corresponding control parameters is carefully studied. Next,
the variable parameter control is proposed according to the
revealed unstable mechanism. Finally, all the findings have
been confirmed by hardware-in-loop tests.
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