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Power Reserve Control of PV Grid-Tied Inverter
With Transient Stability Constraint
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Abstract—To support the grid frequency, the power reserve con-
trol is adopted in the photovoltaic (PV) system without the energy
storage. As an important part of the PV system, the influence of
the dc-link voltage dynamics is ignored in the grid-tied inverter
so that the PV source and grid-tied inverter cooperative control is
rarely designed to enhance the transient stability. In this article,
the dc-link voltage dynamics are taken into consideration for the
transient stability analysis of the grid-following (GFL) control and
the grid-forming (GFM) control. It is found that the dc-link voltage
dynamics deteriorate the transient stability of the GFL inverter
and the GFM inverter. By analogy with the mass-spring-damper
system, the enhanced controls are proposed with the equivalent
elasticity for the GFL inverter and the GFM inverter. To support the
grid frequency and enhance the transient stability, the frequency
deviation feedback and equivalent elasticity cooperative control is
proposed to regulate the active power of the PV source. Simulation
tests are performed on a 10 kW grid-tied PV system and experi-
mental tests are performed on a 1500 W grid-tied PV system, where
the effectiveness of enhanced controls is verified.

Index Terms—Frequency support, grid-following control, grid-
forming control, power reserve control, transient stability.

NOMENCLATURE
List of Abbreviations
PV Photovoltaic.
GFL  Grid-following.

GFM  Grid-forming.

PLL  Phase-locked loop.

RES Renewable energy source.
LOS Loss of synchronization.

EAC Equal area criterion.

SGs  Synchronous generators.

VSG Virtual synchronous generator.
PCC  Point of common coupling.
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List of Symbols

P Active power.

« Power reserved factor.
Vae Dc-link voltage.

Ve Grid voltage.

L Grid inductance.

Cyc Dc-link capacitor.

wpry, Frequency of PLL.

wysg Frequency of VSG.

e Output current of grid-tied inverter.

Vi PCC voltage.
0y Phase angle of V.

Opr1, Phase angle of PLL.

fvsg Phase angle of VSG.

01 Angle difference between 0py1, and 0.

1P Angle difference between 0ygg and 0.

kppy  Proportional gain of dc-link voltage loop for GFL.
kpiv  Integral gain of dc-link voltage loop for GFL.

kp Proportional gain of PLL.

k; Integral gain of PLL.

kpy Proportional gain of dc-link voltage loop for GFM.
kiy Integral gain of dc-link voltage loop for GFM.

J Virtual inertia.

D, Virtual damping.

ko Reactive power droop coefficient.

ke Equivalent elastic coefficient of GFL.

kw1 Frequency feedback coefficient of GFL.
keo Equivalent elastic coefficient of GFM.
kw2 Frequency feedback coefficient of GFM.
List of Subscripts

d, q Index on the dg-frame.

0 Rated value

I. INTRODUCTION

ECENTLY, the RES penetration increases fast in the
power grid. Traditional power grid is turning to be the
power electronics dominated power system. Massive voltage
source inverters are adopted to connect the PV source or the
wind power to the power grid. And the RES should support the
grid voltage and the frequency under grid disturbances.
Usually, the PV source operates at the maximum power point
to achieve higher efficiency. However, it makes the PV source
unavailable for grid supporting. Installing the energy storage can
provide extra power to support the grid frequency, but it increases
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the system cost and complexity. Another widely adopted method
is to use the power reserve control in such applications [1], [2],
without modifying any hardware on the existing installed PV
inverters. With the power reserve control, the PV source operates
at a certain power level lower than the maximum power point.
The extra power can be provided to support the power grid.

Existing power reserve controls are proposed to improve the
performance of the PV grid-tied system [3], [4]. The partial
shading conditions are considered to design the new control and
estimate the maximum available power to support the grid [5],
[6]. However, these methods are focusing on the control of power
level and neglecting the stability issues during the transient
disturbances. At present, the GFL control is widely used in the
PV system due to its simple control. However, the GFL inverter
would lose stability under the weak grid [7]. To adapt to the
weak grid and support the grid voltage, the GFM inverter is
applied in the RES system [8]. Both of the GFL inverter and the
GEFM inverter are threatened by disturbances like grid voltage
drops [9]. In 2017, the current injection is ceased when the
grid voltage is lower than 0.9 per unit. It causes a large-scale
PV source tripping event in southern California [10]. In 2021,
the grid voltage drop causes the large phase angle deviation of
the PLL, the inverters issue a fault code and shut down, which
results alarge-scale PV source tripping eventin Odessa [11]. The
events are partially caused by the LOS between the PV source
and the power grid [12], [13]. Therefore, the transient stability
constraint should be considered when performing the power
regulation in such controls. To analyze the transient stability of
the grid-tied inverter, the phase portrait is introduced in [14] and
[15]. To reveal the mechanism of transient instability, the EAC
is applied due to the similarity between SGs and the PLL [16].
There is a risk of the negative damping which deteriorates the
transient stability [17]. To evaluate the influence of the varying
damping, an iterative EAC is proposed for transient stability
analysis in [18] and an energy function is applied to analyze the
influence of the damping in [19]. The time-domain expression
of the PLL is derived with the averaging method in [20], and
the stability criterion is proposed and the influences of control
parameters and grid impedance are analyzed. However, in these
stability studies, the dc-link dynamics are neglected and the input
power of grid-tied inverter is simplified as a constant. This is not
practical in the power reserve control since the active power of
the PV source can be regulated at different levels under various
grid conditions.

Actually, the power reserve control provides a possibility
of stability enhancement during the transient, besides its grid
supporting capability. Traditionally, to improve the transient sta-
bility, enhancement methods are proposed for the control loops
of grid-tied inverter. An enhanced PLL based on the additional
damping is adopted in [21]. Similarly, an additional damping
is designed through feeding back the frequency deviation of the
PLL in [22]. High-pass filters are added to avoid the steady-state
offset of the frequency deviation and can provide extra damping
under different grid voltage drops. Since the integral gain of
the PLL is negative for the damping, the integral regulator is
removed once the grid fault occurs [23]. To improve the transient
stability and the phase-tracking accuracy, the integral regulator
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is frozen when the rate-of-change-of-frequency of the PLL is
larger than a value [24]. The frequency deviation between the
PLL and the VSG is fed back to increase the damping in [25].
The transient stability of the GFM inverter is improved by
using adaptive inertia and damping control [26]. To regulate the
active power reference of the RES, the inertia synchronization
control is proposed in [27]. In above studies, the transient
stability is designed well, but the dc-link dynamics are rarely
considered.

To improve the stability of power reserve control and enhance
the transient performance of the PV grid-tied inverter, the power
reserve control with transient stability constraint is proposed
in this article. The influence of the dc-link dynamics on the
transient stability is taken into consideration with the EAC
method. The enhanced controls of the GFL inverter and the GFM
inverter are proposed to improve the transient stability. The rest
of this article is organized as follows. The PV grid-tied system is
described and the models of the GFL control and the GFM con-
trol are built in Section II. The influences of the reactive power
and the dc-link dynamics on the transient stability are analyzed
in Section III. The frequency deviation feedback and equivalent
elasticity cooperative controls are proposed to enhance power
reserve control in Section IV. Simulations and experiments are
displayed in Section V to verify the effectiveness of the enhanced
controls. Finally, Section VI concludes this article.

II. SYSTEM DESCRIPTION AND MODELING
A. System Description

The structures of the GFL inverter and the GFM inverter are
shown in Fig. 1. The PV grid-tied system outputs a constant
power with the power reserve control. The dc—dc part is a
boost converter. The power control is applied to calculate the
duty cycle. The power reference is Py, which is lower than the
maximum power P,... Py is in the range of [0, Py ]. AP is
the reserved power, which can support the grid frequency. V. is
controlled by the dc-link voltage loop in the grid side inverter. L¢
is the filter inductance and Cy is the filter capacitor. Igyef and Iyt
separately denote the active current reference and the reactive
current reference. Vg is the rated dc-link voltage. The system
main parameters are listed in Table 1.

To remain stable, the operation point is allocated at the right-
hand side of maximum power point [28]. The reserved power is

AP = aPp = ——P,. )
11—«

B. Grid-Following Control

As shown in Fig. 1(a), the active current reference /gycf iS
given by the dc-link voltage loop. During the normal operation,
the reactive current reference /. is set to zero. To provide the
ability of the low-voltage ride-through, according to Chinese
standard [29], Iqyer is set to —K(0.9 — Viane)lp when Vigy is
lower than 0.9 p.u. Vi, is the per unit value of the PCC voltage
and /) is the rated active current. K is the proportional coefficient
of the reactive current.
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Fig. 1. System structure diagram of PV grid-tied system. (a) Grid-following control. (b) Grid-forming control.
TABLE I The angle difference between Opr1, and 0, is defined as d;.
SYSTEM MAIN PARAMETERS Based on the structure of the PLL, the expression of §; is [17]
Symbol Description Value 1 ki
Ve Rated de-link voltage 1000 V 01 =0pL =05 =~ { kp + — | (luwprLg — Vgsinor) (3)
Ve (peak) Grid voltage 311V
N Rated frequency 1007 rad/s where s is the differential operator.
Py Rated power 10 kW As the current loop responds fast, it can be regarded that
Cae De-link capacitor 10 mF Iyq = Ilqrer- However, Iq.qf is depended on the dc-link voltage
L Grid inductance 15 mH loop. During the fault, the change of dc-link voltage brings the
Grid-following control active current dynamics. Applying the differentiator on ¢ at both
Teppy ! bepiv PI of dc-link voltage loop 2/80 sides of (3) yields
ky ! ki Plof PLL 0.03/0.8
Grid-forming control 01 = (kps + ki) (Tawerr Lg) — (kps + ki) (Vgsindy).  (4)
fopy 1 Koy PI of dc-link voltage loop 0.03/0.1
J Virtual inertia 20 By considering the active current dynamics, the model of the
D, Virtual damping coefficient 320 GFL control can be built as
Orer Reactive power reference 0 .
ko Reactive power droop coefficient 0.01 01 = WpLL — Wo
(1 — katdLg) 0 = OJOLg(kpSItd + kiltd) — k‘lVg sin dq
———
Sj h fthe i | s £ h h JpLL Pprref Py pe .
1n'ce t e.response of the 1n'ner currer.lt oop 1s faster than the _ (kag cos 8y — kagSItd _ kiLgItd) 5
PLL, it can ignore the dynamics of the inner current loop [30].
In the dq frame, the PCC voltage can be expressed as follows: . Derr
Cdc‘/:icOVdc = 1Din -P
_ kpiv
Itd — (‘/dc - Vch)(kppu + s )

{th = Vg COS(eg — QPLL) — IthPLLLg 2)

Vig = Vg sin(0g — Oprr) + Liawprr L.

®)
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Fig. 2.

Relationship between voltage and current.

where Jpri, is the equivalent inertia. Dpyy, is the equiva-
lent damping coefficient. Ppyyrer i the equivalent mechanical
power. Ppi1. is the equivalent electromagnetic power. Py, is the
input active power provided by the PV source.

According to (5), when the active current dynamics are not
considered, the dynamics of the PLL are the same as discussed
in [17]. However, the dc-link voltage dynamics would change
the active current and may misjudge the transient stability.
JpLLs PpLLrer, and Dpr, are all affected by the active current
dynamics. The influence of the dc-link voltage dynamics can be
analyzed with (5).

C. Grid-Forming Control

As shown in Fig. 1(b), to apply the VSG in the RES, the VSG
is cascaded with the dc-link voltage loop, which gives the active
power reference Pyer [8].

The angle difference between fysg and 0, is defined as 65.
Considering the dc-link voltage loop and the VSG, the model of
the GFM control can be established as

0y =wysg —wo

J3 = Pt — P — D)6

C1chch‘/dc =P,—P

Pref = VZicO(V;ic - V;ic())(kpv + %)

According to (6), the dc-link voltage dynamics only change
the active power reference. The virtual inertia and the virtual
damping are not affected and they can keep in the constants.
The influence of the dc-link voltage dynamics can be analyzed
with (6).

(6)

III. POWER TRANSMISSION AND TRANSIENT STABILITY
ANALYSIS

A. Influence of Reactive Power

The reactive power impacts the active power. The relationship
between the PCC voltage Vi, the grid impedance voltage I X,
and the grid voltage V, can be described as

Vit il X, =V, 7)

where X, = wgL, is the grid reactance.

Fig. 2 shows the relationship among Vi, I X,, and V,. For
the GFL control, both I;; = 0 and I;; # 0 would occur since
the reactive current is given by Iy;cf,. For the GFM control, /i
is not zero because it needs the reactive power to support V.
Obviously, when I;q = 0, Vi, It X, and V, can compose a right
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Fig. 3. Influence of reactive current on active power of GFL control.

triangle, and the direction of Vi and [y X, are perpendicular to
each other.

When I = 0, the relationship between the PCC voltage and
the grid voltage can be expressed as

Vi = Vg cos dy. ®)

According to the circuit of the Fig. 1(a), the active power
transmission can be calculated as

3LV, 3V2
= ﬁ sind; = é sin(207). )

Obviously, the maximum active power transmission is
3V,*/(4X,) when 4, is equal to /4 instead of 7/2. To maintain
stability, d; must smaller than 7/4.

When Iy, # 0, Vi, I1X,, and V, cannot compose a right
triangle. In the steady state, the g-axis voltage of V, is zero
and wpr, = wg. According to (2), the PCC voltage is

Vi = Via = Vg cos 61 — L1g X, (10)

To support the PCC voltage, the reactive current is negative.
Based on (10), the active power transmission can be calculated
as
3V, Vy 3V2 3Vl

oX, sind; = @sin(%l) — qu sin 4.

The reactive power transmission can be calculated as

3(VZ — V; Vg cosdy)

2X,

P:

Y

Q= = 1.5(Ig Xy — Vgligcoséy). (12)
The active power transmission is limited due to the equipment
capacity. The limited active power is

N
where Sy ax 1S the maximum capacity of the grid-tied inverter.
Based on (11)—(13), the curve of P and P);,,, can be obtained, as
displayed in Fig. 3. The solid line is the curve of P and the dotted
line is the curve of Pj;y,. The maximum power transmission is
small and its corresponding power angle is equal to 7/4 when
the reactive current is zero. The maximum power transmission
and its corresponding power angle increase with the rising of
reactive current. When 0 is small, V; is much larger than V,
with the influence of the reactive current and the reactive power

13)
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Fig. 4. Droop curve of reactive power and voltage.

is large. According to (12), the reactive power would reduce
with the increasing of ¢;. Hence, Py, is increased. Obviously,
there is no intersection point between P and Py, when Iiy >
—10 A. It means that the power transmission is limited by the
grid inductance. However, there are intersection points between
P and Py;,,, when I; < —20 A. The power transmission is limited
by the capacity of the GFL inverter. As displayed in Fig. 3, to
output more active power, the reactive current is suitable in the
range of —10 A to —20 A. In this way, the GFL inverter can
output more active power and is not affected by its capacity.

Since the reactive current of the GFM inverter is not zero. Vi,
I;X,, and V, cannot compose aright triangle. Due to the reactive
power control, its control law is

‘/t = VE) + kQ(Qref - Q) (14)

Based on (14), Fig. 4 depicts the Q-V droop characteristics
with various k. As can be seen, V; is smoother with a smaller
ko which needs more reactive power. It means that a smaller k¢
can support voltage better. However, the active power and the re-
active power are coupled, the power transmission characteristic
can be described as

3ViVie .

P ==1t%5siné
2X, 2

Q _ 3(V2—V; V cos d2)
2X, .

s)

Based on (14) and (15), the PCC voltage amplitude can be
calculated as

Vi = ﬁ _ Vi cos 0y ’ + 2Xg‘(V0 + kQQref)
’ 3kq 2 3kg

B X, B Vg cos o . (16)
3ko 2
It can be seen that V; is affected by Q,.r and k. Hence,
the active power is influenced by Q,.t and kg through V.
Substituting (16) into (15), the active power transmission is

_ 3V

p="28
2X,

Xy Vgcosdy\® L 2% (Vo + kgQur)
3ko 2 3ko
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Fig. 5. Influence of k¢ on active power of GFM control.

- (Xg —VgCOS‘SQ) Sin dy. (17)

3ko 2

The active power transmission is limited due to the equipment
capacity. Based on (15)—(17), the limited active power is

-Plim = V Sr2nax - QQ'

Based on (17) and (18), the active power transmission char-
acteristic can be obtained with various kg. As shown in Fig. 5,
the solid line is the curve of P and the dotted line is the curve of
Piim. The maximum power transmission and its corresponding
power angle decrease with the increasing of kg. According to
(6) and (17), while k, is large, it may result in a small P and there
is a risk of no equilibrium point. Hence, a large kg endangers
the transient stability of the GFM inverter. A small k¢ is helpful
to increase the maximum power transmission, but a small k¢
would result a large reactive power to support the PCC voltage
and it is easy to trigger the current saturation. According to (16),
when 62 = 0, V; = V, and the reactive power is 0. V;, becomes
small and the reactive power becomes large with the increasing
of 2, which results in the reduction of Py;,,. As displayed in
Fig. 5, to output more active power, k() is suitable in the range
of 1/100 — 1/50. In this way, the GFM inverter can output more
active power and is not affected by its capacity.

Compared with Figs. 3 and 5, it can be obtained that the GFL
inverter is more prone to be constrained by its capacity and
cannot output the active power. Since the reactive current of the
GFL inverter is directly given, its initial voltage and reactive
power are very large, and the active power of the GFL inverter
is directly embedded, which results in the failure of the GFL
inverter to output active power. The voltage of the GFM inverter
is more stable, its initial reactive power is small. When J5 is
small, the active power of the GFM inverter is not constrained
by its capacity, and it can output active power even if k g is small.

(18)

B. Transient Stability Analysis of Grid-Following Control

Based on (11), the output active power would reduce as
the gird voltage drops, which leads to the increment of the
dc-link voltage. According to (5), when the output active power
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- PPLLe with fault

kiV,sin |

P PLLemax

P PLLref

0

Fig. 6.  Influence of k. on equivalent power curve of GFL control when Vg
drops from 1 to 0.48 p.u. Under the influence of the dc-link dynamics, Ppr,1,ref
cannot keep in a constant. Ppy,1ref becomes to the gray line with kp,,, = 2 and
becomes to the red line with &, = 8.

decreases, the active current would increase to

in — kw
L (k¢pv+ Z >.

When the active power of the GFL inverter decreases, it
increases the change rate of the active current and the increment
of the active current increase. According to (5), Ppr et Would
increase and Dpy;, would decrease. As the change rate of the
active current increases fast and the active current increases a
lot, the equivalent mechanical power would increase and the
equivalent damping would be negative, which deteriorate the
transient stability. To ensure the positive equivalent damping,
01 is supposed to lie within the range of [d1in, Omax]- Omin and
dmax can be calculated by solving Dpy, = 0.

According to (5), the equivalent power curve of the GFL
inverter is obtained based on the numerical method. As shown
in Fig. 6, under the influence of the dc-link voltage dynamics,
Pp1.1ref cannot keep in a constant, it becomes to the gray line or
the red line, the acceleration area increases and the maximum
deceleration area decreases. The dc-link voltage responses fast
when k,,, increases and it results in the rapid increasing of
the active current. When k), is increased from 2 to 8, the
acceleration area increases by (S3 — S4) and the maximum
deceleration area decreases by S5. Reducing Cq. can also make
the response of the dc-link voltage fast, which results in a
larger acceleration area and a smaller maximum deceleration
area. Therefore, increasing k,,,,, and reducing Cq. endanger the
transient stability.

When the grid voltage drops to 0.48 p.u., the phase portrait
under different Cy. and ky;,,, is shown in Fig. 7. When k,,,,,, is
increased, the dc-link voltage responds fast and results in the
increasing of Ppyrrer and wprr, and finally the GFL inverter
loses stability. A small Cq4. can also speed up the response of the
dc-link voltage, and eventually results in the transient instability.
As displayed in Fig. 7, 0 ., cannot exceed 7r/2, which is affected
by Dpy,. Therefore, the dc-link voltage dynamics are harmful to
the transient stability of the GFL inverter. A fast response of the
dc-link voltage would increase the risk of transient instability.

19)
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Fig. 8.  Influence of ky, on power curve of GFM control when Vg drops from

1 t0 0.35 p.u. Under the influence of the dc-link dynamics, Py ¢ cannot keep in
a constant. Pper becomes to the gray line with k,, = 0.03 and becomes to the
red line with k;,,, = 0.1.

C. Transient Stability Analysis of Grid-Forming Control

Based on (17), the output active power would reduce as the
gird voltage drops, which leads to the increment of the dc-link
voltage. When the active power decreases, the active power
reference of the VSG would increase. According to (6), the active
power reference can be described as

Pin_P kiv
Pep= 2" (kpp +-2).
ref Cdcs (p + S)

Different from the GFL control, only P, is affected by the
dc-link voltage dynamics, D), can keep in a constant. When the
active power decreases, the active power reference of the VSG
would increase, and the increment of P,.¢ is related to the speed
of the response of the dc-link voltage.

According to (6), the power curve of the GFM inverter is
shown in Fig. 8 based on the numerical method. Under the
influence of the dc-link voltage dynamics, P, becomes to the
gray line or the red line, the acceleration area increases and the
maximum deceleration area decreases. When k,,,, is increased
from 0.03 to 0.1, the dc-link voltage responses become faster.
The acceleration area increases from (S; + S3) to (S1 + So + S3)
and the maximum deceleration area decreases from (S4 + S5)
to S5. Since the response of the dc-link voltage is fast with a

(20)
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Fig. 10. Mass-spring-damper system.

small Cy. and it leads to a larger acceleration area and a smaller
maximum deceleration area. Hence, increasing k,,,, and reducing
Cq. endanger the transient stability.

When the grid voltage drops to 0.35 p.u., the phase portrait
with various Cq. and kj,, is shown in Fig. 9. With the increasing
of k., the dc-link voltage responds fast, which introduces the
increasing of P,.s. Based on (6), wysg would increase as Pif
rises. When the dc-link voltage responds fast, the acceleration
area increases and wvysa can move further and eventually result
in the transient instability. It shows that the dc-link voltage
dynamics are harmful to the transient stability of the GFM
inverter. It is the same as the GFL inverter, a fast response of
the dc-link voltage increases the risk of transient instability.
Different from the GFL inverter, d can still recover the stability
while it exceeds /2 since D), is always positive. Thus, the GFM
inverter can maintain the stability with a more severe grid voltage
drop.

IV. ENHANCEMENT FOR TRANSIENT STABILITY
A. Basic Principle

The mass-spring-damper system is constituted of a spring
and a damper, as shown in Fig. 10. The spring and the damper
are parallel. The mass point moves under the elastic force, the
damping force and the forcing force. When the mass point is
subjected to an external force, the spring would provide a force
which the direction is always opposite to the external force. The
damper can be regarded as a piston hydraulic cylinder system.
When the relative movement exists between the piston and the
hydraulic cylinder, the active side is always subjected to the
damping force of the other side. For the linear damper, the
magnitude of the damping force is proportional to the relative
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Fig. 11.

Enhancement for GFL control.

speed of the movement of the damper. The kinetic equation of
the mass point satisfies

T =

{mfv':F—kac—ﬂx' @D
where m is the mass of the mass point, & is the elastic coefficient
of the spring, 1 represents the damping coefficient of the damper,
F denotes the forcing force, x is the displacement of the mass
point relative to its initial position, and v is the velocity of the
mass point.

The mass point is stable in the initial position when F'is zero.
However, the mass point would leave the initial position once F
is not equal to zero. When the spring produces the elastic force
equal to the forcing force, the mass-spring-damper system can
keep stable. The system can always restore the stability under
the elastic force.

B. Enhancement for Grid-Following Control

Based on (5), (PprLret — PpLLe) can be regarded as the
equivalent forcing force. Obviously, there is no equivalent elastic
force. To introduce the equivalent elastic force for the GFL
control, Awpry , is fed back and then goes through the integrator,
as shown in Fig. 11. Based on the structure of Fig. 11, the
characteristic of the enhanced PLL can be described as

01 = wpLL — wo
(1_katdLg) 51:wOLg(kpsItd—i—kiLd)—kng sin 51_kike151

JpLL Prrprer Prrre Pe
— (kpVg cos 61+kpker —kpLgslia—kiLglia) 01
Dpr1
(22)

where P, is the equivalent elastic force.

It should note that the equivalent elastic force introduces the
steady-state error. Hence, the equivalent elastic force is removed
when the GFL inverter operates in the normal condition. The
enhanced GFL control is the same as the traditional GFL control
at Flag = 1. The equivalent elastic force is introduced at Flag
= 2. The value of Flag is determined by Vi, and the voltage
threshold V4, is set to 0.9 p.u. according to the grid code. When
Vi > Vin, Flagis set to 1. When V; < Vi, Flag is set to 2.

Since the active current reference is given by the dc-link
voltage loop, even if the equivalent elastic force is added into
the PLL, the active power would be unbalanced at the input
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!

Calculate 6; and Dp .
x based on (22)

A 4

Fig. 12.  Design process of ke .

and output of the dc-link capacitor. The active current reference
would increase when active power decreases. Consequently, the
equivalent elastic power P.; is added into the power reserve
control to regulate the active power of the PV source, as shown
in Fig. 11.

When the GFL control operates steadily, the input of the
enhanced PLL is

ke101 .
(Itd — X, ) Xy — Vgsindy = 0.

Compared with the traditional PLL, the active current should
be corrected as

(23)

. ke101
Lot = Ia — ;{g . (24)
Hence, the equivalent elastic current is as
k 151
Aly = —=——. 25
W X, (25)

The equivalent elastic power caused by the equivalent elastic
current is
1.5Vigke101

Xg

Per = 1.5VyAly = (26)
Based on (26), the equivalent elastic power is large and it
causes the small output active power of the PV source when kqq
is large. To output more active power, a suitable k.; should be
designed. Based on (22), k.1 can be designed as follows:

WQLg(kPSIId + kiltd) — k‘,‘/g sindy — k;ke101 =0
Dpr1, = kag cosdy + k’p/{iel — k'pLgSItd — k‘j,Lng >0
(27)

61 is changed with various k., and the equivalent damping
would be negative when k.7 is small and d; is large. It should
redesign k.1 to ensure the active power balance and the positive
equivalent damping. Hence, the appropriate k. is designed by
iterative calculation. The design process is shown in Fig. 12.
First, inputting k.1 and calculating d; and k.; based on (22).
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Then, determining whether Dpy,1, is positive. If Dpy 1, is negative,
ke1 should be increased and recalculating Dpry,. If Dpry, is
positive, k.1 is designed and can be output.

To support the grid frequency, the frequency deviation feed-
back is introduced into the power reserve control. When the
grid frequency falls, the output active power of the PV source
increases by Py

Py = kwi1Awppr. (28)

The PV source should continuously operate when the fre-
quency is in the range of 48.5 to 50.5 Hz. And the increment
amplitude of the active power APy should satisfy the Chinese
standard [29]

A
AP, = ;24 p,
wo

(29)
where K is the active power frequency control coefficient and
it is in the range of 10 to 50.
To satisfy the rule, Py = AP;. Thus, ky1 is designed based
on (28) and (29)
K¢ Py

kwl = .
wo

(30)

Based on the standard of [29], the reserved power can be
designed as

Aw

AP = AP, = K;—P,. 31)
wo

According to (1) and (28), the power reserved factor is de-
signed as

Kwa
= = . 32
@ KiAw + wp (32)
The grid short circuit ratio (SCR) is defined as [31]
S 3V2
SCR = — = g 33
Py 2R X, (33)

where S is the short-circuit capacity and Py is the active power
injection of the RESs.

For the GFL control, when the inverter normally operates, /i
is zero. The rated active power is equal to the steady-state value
of active power. According to (9), the rated active power can be
calculated as

3 2 2
Py = —£sin(269) < —=. 34
0 IX, sin(2010) < IX, (34)

Based on (33) and (34), the grid SCR; of the GFL control
should satisfy

2

SCR; = > 2. (35)

2P X,

C. Enhancement for Grid-Forming Control

Based on (6), (Pt — P) can be regarded as the equivalent
forcing force. Compared to the mass-spring-damper system, the
GFM control lacks the elastic force. When the grid voltage drops
severely, (P.of — P) may be not equal to zero and causes the
insufficient deceleration area. o would increase and cannot keep
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Fig. 13.

stable. Finally, the GFM inverter loses stability. To enhance the
transient stability, the equivalent elastic force is introduced in the
VSG. Awvysgg is fed back and then goes through the integrator,
as shown in Fig. 13. To support the grid frequency, the frequency
deviation feedback is introduced into the power reserve control.
When the grid frequency falls, the output active power of the PV
source increases by Py2. Based on the structure of Fig. 13, the
characteristic of the enhanced VSG can be described as

02 = wysG — wo . .
J52 = Pref - P - k9262 - kw252 *Dp52
~—— N

Pea Py

(36)

where P, is the equivalent elastic force.

It is the same as the enhanced GFL control, the equivalent
elastic force introduces the steady-state error. Hence, the equiv-
alent elastic force is introduced at Flag = 2. The enhanced GFM
control is the same as the traditional GFM control at Flag = 1.
When V; > Vy,, Flag is set to 1. When V; < Vi, Flag is set
to 2.

Since the active power reference is provided by the dc-link
voltage loop, even if Pes and Py are added into the VSG, the
active power would be unbalanced at the input and output of the
dc-link capacitor. And P,.; would increase when the grid active
power decreases. To avoid the increasing of Pyef, Pe2, and Pyo
are added into the power reserve control to regulate the output
active power of the PV source, as shown in Fig. 13. Based on
(36), the frequency deviation feedback can increase the virtual
damping of the VSG. To support the grid frequency, k2 can be
designed based on [29].

The transient stability can be enhanced and the active power
can output as much as possible by designing a suitable kes.
Although a large ko is beneficial to the transient stability, it
makes the small §o and decreases the output active power. To
output more active power, ko cannot be designed too large.
However, when k.o is small, there is still a risk of insufficient
deceleration area and it may trigger the current saturation. To
avoid triggering the current saturation and output more active
power, it is necessary to consider the change of the current under
different d5. The current amplitude can be calculated as

_ [ViZdy — V|

Xg

I (37

According to (16) and (37), it obtains the current amplitude
with different grid voltage drops, as shown in Fig. 14. When
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Fig. 14.  Current amplitude with different grid voltage dip.

the grid voltage drop is large, the current has a slight change
with various §2. When the grid voltage drop is small, the current
changes significantly with various d5. To avoid triggering the
current saturation, keo is designed at the operating point, which
easily exceeds the current saturation. When V; is lower than
0.9 p.u., the equivalent elastic force added into the VSG. The
maximum d5 is designed as do5 which is the power angle when
the current saturation is triggered. k.2 can be obtained as

Py — P|52:525

das %)

keQ =

According to (16), k¢ affects the active power of the VSG,
it is necessary to consider the influence of k¢ and recalculate
ke2. Based on this, the appropriate k¢ and k.o are designed by
iterative calculation. The design process is shown in Fig. 15.
First, based on (16) and (37), calculating the current with various
grid voltage drops and determining whether /; is smaller than
the current saturation value ;.. Then, determining whether d o4
is smaller than before. If o5 is smaller than before, increasing
k¢ and recalculating 095 If 095 starts increasing, calculating kes.
Finally, outputting kg and k3.

According to Fig. 5, the active power transmission is affected
by kq. The rated active power is equal to the steady-state value
of active power. Based (15), the relationship between the rated
active power and the maximum active power is

3V,

Py = &

072X,

Based on (33) and (39), the grid SCR, of the GFM control
should satisty

sin 520 S Pmax- (39)

312 312

SCR, = :
T 2P X, T 2Pmax X,

(40)

V. VERIFICATION

The simulation and experiment are implemented to verify the
theoretical analysis and the enhanced control.

A. Simulation Results of Grid-Following Control

The simulation results are conducted based on MATLAB/
Simulink. The parameters of the system are given as Table I.
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Fig. 15.  Design process of k¢ and kez.
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Fig. 16.  Results of GFL inverter with grid voltage drop.

The grid voltage drops to 0.48 p.u. and its duration is 0.1 s.
Fig. 16 shows the results of the GFL inverter. Under the grid
voltage drop, the GFL inverter can recover the stability and it
takes around 1 s to recover stability and its grid current THD is
1.37%. It meets the requirement in [32].

The same grid voltage drop is carried out while &y, is
increased and Cq. is decreased. Compared to ky,, = 2, the
response of the dc-link voltage becomes faster with k,,, = 10.
It results in a larger acceleration area and a smaller maximum
deceleration area. Compared to Fig. 16, a large &y, leads to the
transient instability of the GFL inverter, as shown in Fig. 17. A
small Cg. can also make a fast response of the dc-link voltage.
Fig. 18 shows the results of the GFL inverter with Cq. = 2 mF.
Obviously, the GFL inverter loses stability with a small Cgc.
Figs. 17 and 18 verify the transient stability analysis of a fast
response of the dc-link voltage.
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Fig. 19. Results of GFL inverter with enhanced control.

Fig. 19 displays the results of the GFL inverter with the
enhanced control. k.; is designed as 610 and k1 is designed
as 636. The grid voltage drops to 0.48 p.u. and its duration is
0.1 s. Cqc is set to 2 mF. Fig. 19 shows that the overshoot of
grid current is 18%, the THD of the grid current is 1.37% and
the GFL inverter with the enhanced control can recover stability
within 0.4 s. The frequency deviation feedback and equivalent
elasticity cooperative control can regulate the active power of
the PV source, it improves the transient stability of the GFL
inverter. It proves the effectiveness of the enhanced control.

To show the benefits of the enhanced control in this article, it
compares with the control in [22]. The existing proposed control
method diagram is shown in Fig. 20. This control can enhance
the damping, but it still loses stability when the grid voltage drop
is severe. When the grid voltage drops to 0.1 p.u., the proposed
control in [22] triggers the current saturation and cannot keep
stable, as shown in Fig. 21. The THD of the grid current is 1689%
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Fig. 23. Responses of GFL inverter with grid frequency fall.

after the fault, which does not meet the standard. After applying
the enhanced control, the overshoot of grid current is 26%, the
THD of the grid current is 1.37%, and the system can return to
stability within 0.15 s, as shown in Fig. 22. To perform the grid
frequency support capability, the grid frequency falls to 49.5 Hz
at 1 s, the active power response is shown in Fig. 23. Obviously,
the active power of the enhanced control in this article increases
by 2 kW to support the grid frequency and its overshoot is 6.5%.
It takes 0.3 s to recover stability. The proposed control in [22]
cannot output more active power. The power reserve control
with the enhanced control in this article is more stable and can
support the grid frequency. The enhanced control performs well
in the weak grid. The grid SCR; is 3 in Fig. 22 and the grid
SCR; is 2.3 in Fig. 24. When the grid voltage drops to 0.1 p.u.,
the overshoot of grid current is 48%, the THD of grid current is
1.30% and the system can also restore stability after 0.24 s, as

depicted in Fig. 24. The GFL control with the enhanced control
can operate in the small grid SCR; and it can still restore stable
under the severe grid fault.

B. Simulation Results of Grid-Forming Control

The grid voltage drops to 0.35 p.u. and its duration is 0.1 s.
Fig. 25 shows the results of the GFM inverter. The GFM inverter
can recover the transient stability with the grid voltage drop. It
takes around 0.8 s to recover stability and its grid current THD
i8 0.28%.

To verify the influence of the dc-link voltage dynamics, the
grid voltage drops to 0.35 p.u. and lasts for 0.1 s. Fig. 26 displays
the results of the GFM inverter with k,,, = 0.1. With a larger k,,,,
the GFM inverter has a larger acceleration area and a smaller
maximum deceleration area. Under the grid voltage drop, the
GFM inverter loses stability. Fig. 27 shows the results of the
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Fig. 28. Results of GFM inverter with enhanced control.
Fig. 29.  Existing proposed control in [25].

GFM inverter with Cq. = 2 mF, which cannot restore stability.
Compared with Fig. 25, a small Cy. is harmful to the transient
stability since the smaller Cy4. causes a larger acceleration area
and a smaller maximum deceleration area. Figs. 26 and 27 verify
the influence of &y, and Cyqc.

Fig. 28 depicts the results of the GFM inverter with the en-
hanced control. k- is designed as 636. k.o is designed as 19 330
and kg is designed as 0.0102 through the iterative calculation.
The grid voltage drops to 0.35 p.u. and lasts for 0.1 s. Cq is set
to 2 mF. Although the overshoot of grid current is 40%, the THD
of the grid current is 0.28% and the GFM inverter can recover
stability within 0.25 s, as shown in Fig. 28. The frequency
deviation feedback and equivalent elasticity cooperative control
can improve the transient stability of the GFM inverter. It proves
the effectiveness of the enhanced control.

To show the benefits of the enhanced control in this article, it
compares with the proposed control in [25]. The existing control
method diagram is shown in Fig. 29. This control only enhances
the damping, it cannot regulate the active power of the PV source.
It loses stability when the grid voltage drop is severe. The grid
voltage drops to 0.1 p.u., the proposed control in [25] cannot
keep stable, as shown in Fig. 30. The THD of the grid current
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Fig. 30.  Results of GFM inverter with active damping-based control [25].
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Fig. 31.  Results of GFM inverter with enhanced control.
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Fig. 32.  Responses of GFM inverter with grid frequency fall.

is 631% after the fault, which does not meet the standard. The
enhanced control in this article can keep stable, as shown in
Fig. 31. The THD of the grid current is 0.28%, which still meets
the standard. The overshoot of grid current is 38 % and the system
can restore stable after 0.1 s. At the same time, the enhanced
control in this article can support the grid frequency. When grid
frequency falls to 49.5 Hz at 1 s, the active power response is
shown in Fig. 32. Obviously, the active power of the enhanced
control in this article increases by 2 kW to support the grid
frequency, and the overshoot is 8.8%. It takes 0.3 s to recover
stability. The proposed control in [25] outputs less active power.
Its overshoot is 24% and it recovers stability after 0.5 s. The
power reserve control with the enhanced control in this article is
more stable and can support the grid frequency. The enhanced
control performs well in the weak grid. The grid SCR; is 3 in
Fig. 31 and the grid SCR, is 1.6 in Fig. 33. When the grid voltage
drops to 0.1 p.u., the overshoot of grid current is 58%, the THD
of grid current is 0.16% and it takes 0.18 s to restore stable, as
shown in Fig. 33. The GFM control with the enhanced control
still performs well in the small grid SCRo.

Fig. 34 shows the results of GFM control with various kq.
The grid voltage drops to 0.1 p.u., and the GFM control would
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Fig. 33.  Results of GFM control when SCRy is 1.6 with grid voltage drops.
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Fig. 34.  Results with various k¢ with grid voltage drops to 0.1 p.u.
TABLE II
COMPARISONS OF EXISTING CONTROLS
Methods Tran‘si_ent Applicable Frequency
stability fault types support
Damping control for Stable with
. e . | N
GFL inverter [22] equilibrium point Voltage drop °
Enhanced control Voltage drop
. Stable : Stron
for GFL inverter frequency fault g
Damping control for Stable with .
. RN . Voltage dro Slight
GFM inverter [25] equilibrium point g P &
Enhanced control Voltage dro
Stable & P, Strong

for GFM inverter frequency fault

output the reactive power to support the grid voltage. As shown
in Fig. 34, the reactive power is increased to 8.7 kVar when k¢
is 0.015. When k¢, is reduced to 0.0102, the reactive power is
increased to 11 kVar. It means that decreasing k () need to provide
more reactive power to support voltage, but it increases the risk
of triggering the current saturation for GFM control.

Based on the above results, the comparisons of the enhanced
control in this article against the existing control are listed in
Table II. The other damping control for the GFL or GFM inverter
can only keep stable when the equilibrium point exists, and there
is no grid frequency support capability or the grid frequency
support capability is slight. The enhanced control for the GFL
and GFM inverter in this article can keep stable under grid
voltage drop and can support grid frequency. It greatly improves
the fault ride-through capability and grid support capability of
the inverter.

C. Power Hardware-in-Loop Experimental Results

Fig. 35 depicts the power hardware-in-loop experimental
platform for the PV grid-tied system. The programmable dc
source (Chroma 62100H-600S) has the PV array simulation
function and it is used as the PV simulator. The PV simulator
is connected to the Boost and the Boost is connected to the
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PV simulator

Bidirectional i
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Fig. 35. Power hardware-in-loop platform.
TABLE III
EXPERIMENTAL PARAMETERS
Symbol Description Value
Vaeo Rated dc-link voltage 250V
Ve (peak) Grid voltage 110V
o Rated frequency 1007 rad/s
Py Rated power 1500 W
Cae Dc-link capacitor 1645 uF
L, Grid inductance 4.5 mH
Grid-following control
Feppy ! Kepi PI of dc-link voltage loop 0.1/2
ky | ki Plof PLL 0.03/0.8
Grid-forming control
kpy 1 ke PI of dc-link voltage loop 0.005/0.05
J Virtual inertia 2
D, Virtual damping coefficient 32
Orer Reactive power reference 0
ko Reactive power droop coefficient 0.08

inverter. The inverter includes IGBT module, LC filter, and dc
capacitor. The inverter is connected to the grid simulator through
the grid inductance. The grid simulator is composed of the
RTLAB (OP5707) and bidirectional power amplifier (EGSTON
CSU200-1GAMP6-HV). The RTLAB is used to set the grid
voltage. The bidirectional power amplifier is controlled as an ac
voltage source by the RTLAB. The parameters of the system are
given as Table III. The rated power is set to 1500 W due to the
limitation of the equipment capacity.

When the programmable dc source is configured to emulate
PV array, the voltage-current operating points must be prede-
fined to generate the P-V characteristic curve. These parameters
are preloaded into the dc source via the software Chroma Solar
Array Simulation Soft Panel. The experimental P-V and I-V
characteristics of the PV array are illustrated in Fig. 36. The
voltage Vipp is 207 V and the current Iy, is 11.1 A in the
maximum power point.

The experimental results of the GFL inverter are shown in
Figs. 37-39. The grid current THD is 3.18%. When the grid
voltage drops to 0.2 p.u., the GFL inverter triggers the current
saturation and loses stability, as shown in Fig. 37. Since trig-
gering the protection, the inverter is blocked. After applying the
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Fig. 36. Emulated characteristics of the PV array in Chroma 62100H-600S.

(a) P-V curve of emulated PV array. (b) I-V curve of emulated PV array.
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Fig. 37.  Results of GFL inverter with traditional control when V, drops to

0.2 p.u. (a) GFL inverter loses stability. (b) Zoomed in view.
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Fig. 38.  Results of GFL inverter with enhanced control when V drops to

0.2 p.u. (a) GFL inverter keeps stable. (b) Zoomed in view.

v Lep0 Midiv] P20 NIGV] L i ,
i [20 A/div] COTT e 120 Addiv] BEIRARSIY
time scale: [200 ms/div] e s time scale: [50 ms/div] e wms
(@) (b)
Fig. 39. Results of GFL inverter with enhanced control when output power

of PV increases from 1500 to 1700 W. (a) Dynamics of voltage and current.
(b) Zoomed in view.

enhanced control, the overshoot of grid current is 12%, the GFL
inverter can operate normally and restore stability within 0.2 s,
as depicted in Fig. 38. When the input PV power varies, the GFL
inverter with the enhanced control performs well. As shown in
Fig. 39, when the power reference of the PV array increases
from 1500 to 1700 W, the PV array output voltage is 242 V. The
grid current and voltage of the GFL inverter still remains stable.
The experimental results prove that the enhanced control can
improve the stability of the GFL inverter.

The experimental results of the GFM inverter are shown in
Figs. 40-42. The grid current THD is 2.86%. When the grid
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Fig. 40.  Results of GFM inverter with traditional control when Vg drops to
0.2 p.u. (a) GFM inverter loses stability. (b) Zoomed in view.
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Fig. 41.  Results of GFM inverter with enhanced control when Vy drops to

0.2 p.u. (a) GFM inverter keeps stable. (b) Zoomed in view.
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Fig. 42.  Results of GFM inverter with enhanced control when output power
of PV increases from 1500 to 1700 W. (a) Dynamics of voltage and current. (b)
Zoomed in view.

voltage drops to 0.2 p.u., the GFM inverter triggers the current
saturation and loses the stability, as shown in Fig. 40. The inverter
is quickly blocked due to the protection. After applying the
enhanced control, the overshoot of grid current is 26% and the
GFM inverter recovers stable within 0.5 s, as depicted in Fig. 41.
When the input PV power varies, the GFM inverter with the
enhanced control can keep stable. As shown in Fig. 42, the power
reference of the PV array increases from 1500 to 1700 W, the PV
array output voltage is 242 V. The grid current and voltage of the
GFM inverter still remains stable. The experimental results show
that the enhanced control can effectively improve the stability
of the GFM inverter.

VI. CONCLUSION

The article analyzes the transient stability of the GFL inverter
and the GFM inverter with considering the influence of the
dc-link voltage dynamics. Then, the enhanced controls of the
GFL inverter and the GFM inverter are proposed. The simulation
results and the experimental results are given to verify the
effectiveness of theoretical analysis and the enhanced controls.
Conclusions are drawn as follows.
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1) The GFL inverter is more prone to be constrained by its

2)

3)

(1]

[2]

(3]

(4]

(3]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

capacity and cannot output the active power. The active
power of the GFL inverter is limited when the power angle
is very small, while the active power of the GFM inverter
is limited when the power angle is large.

The dc-link voltage dynamics increase the active power
reference. Itincreases the acceleration area and reduces the
maximum deceleration area for the GFL inverter and the
GFM inverter. For the GFL inverter and the GFM inverter,
a fast dc-link voltage response endangers the transient
stability.

The equivalent elasticity is introduced in the enhanced
control by analogy with the mass-spring-damper system.
The transient stability of the power reserve control is
enhanced by regulating the output active power of the PV
source.
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