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Abstract: When grid-following (GFL) and grid-forming (GFM) converters are interconnected with
the grid, they are mutually coupled through the grid impedance. During grid faults, the transient
behavior of these converters becomes intricate due to the presence of coupling terms. Instabilities in
one converter can propagate to the other, posing challenges to fault ride-through capability. Firstly,
a mathematical model was presented for a hybrid grid-tied system comprising two converters,
investigated the conditions for equilibrium points, and employed phase-plane analysis to elucidate
the mutual influence mechanism during faults. Then, a method to adjust the power angle of GFM
according to the voltage drop was proposed and used in GFL to improve its phase-locked loop. At
the same time, considering the influence of GFL current injection, the fault current of GFM was
limited, so as to realize the hybrid fault ride-through control. The proposed approach ensures that
GFM converters contribute reactive current support to the grid during faults, while GFL converters
adhere to grid guidelines for current injection, thereby preventing overcurrent and phase angle
instability in both converters. Finally, simulation results validated the correctness and effectiveness
of the proposed control strategy.

Keywords: grid-following converter; grid-forming converter; fault ride-through; reactive current
support

1. Introduction

With the implementation of carbon peaking and carbon neutrality policies, renewable energy
sources such as wind and photovoltaic power are rapidly developing. The proportion of non-
synchronous generators in the power system is increasing significantly [1-3]. A high proportion of
new energy and power electronic equipment has become a notable characteristic of power systems.
However, using grid-following converters as the main grid-connected devices does not provide
sufficient inertia and damping for the system, resulting in a further decrease in system inertia, which
jeopardizes the safe operation of the power system. Grid-forming converters, which possess the
characteristics of a synchronous generator, have garnered widespread attention. Compared to grid-
following converters, they can effectively function as a voltage source, allowing them to regulate
system voltage and frequency and provide necessary inertia and damping support. Nevertheless,
grid-following converters still have advantages that grid-forming converters cannot replace. On the
other hand, the current new energy power stations are equipped with grid-following converters,
making it impractical to replace them all with grid-forming converters. Therefore, a feasible
alternative is to modify some of the already installed converters to grid-forming control. This implies
that in future power systems, both grid-following and grid-forming converters will coexist [4-6].

In the event of a grid fault, a synchronous generator can inject 6 to 8 times its rated current (pu)
to support the grid [7]. However, the overcurrent tolerance of converters is relatively low. Without
proper control, this could lead to disconnection of renewable energy generation equipment from the
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grid or damage to the converters. To address this, IEEE standard 2800-2022 provides detailed
technical requirements for renewable energy generation equipment regarding fault ride-through
capabilities [8]. Currently, research mainly focuses on the transient processes of single grid-following
(GFL) or single grid-forming (GFM) converters during fault ride-through, with an emphasis on the
control of fault current and power angle. For GFL (grid-following converters), reference [9] adjusts
the active current injection during faults through the feedback of the phase-locked loop (PLL)
frequency, but the steady-state operating point and stability are difficult to predict. Reference [10]
proposes locking the PLL during faults to maintain the output of the previous moment; however, this
approach is challenging to meet the grid code requirements. Reference [11] suggests locking only the
integral part of the PLL during faults, but this method fails when there is no equilibrium point after
the fault. Reference [12] proposes setting the ratio of active and reactive currents based on the grid
impedance after a fault. While this ensures the existence of an equilibrium point, it still cannot fully
comply with grid codes. For GFM (grid-forming converters), reference [13] switches the grid-forming
control to grid-following control during faults. However, this process requires a backup PLL and
may face stability issues in weak grid environments. References [14-16] adopt a current limiting
method in the current loop of the converter’s double closed-loop control to limit fault currents.
However, this approach turns the voltage source into a current source, making power control
difficult, reducing stability, and potentially causing instability. Reference [17] proposes a strategy
using voltage limiting to control fault current, locking the reactive voltage droop, and calculating the
reference voltage based on the maximum allowable current. References [18,19] respectively analyze
the transient characteristics of parallel grid-following and grid-forming converters and explore the
issue of transient synchronization stability in islanded AC microgrids, considering the dynamic
interactions between grid-forming and grid-following converters. However, there is relatively little
research on fault ride-through issues under hybrid grid conditions. In fact, during faults, the
cooperation between converters with different control strategies can provide better service to the
grid.

To overcome the aforementioned limitations, this study introduces a hybrid fault ride-through
control strategy aimed at improving the issue of fault ride-through during symmetrical voltage dips
when low voltage faults occur in the grid. The main contributions of this strategy are as follows:

e  Parallel System Construction: A coupled effect is generated by the parallel connection of Grid
Forming (GFM) and Grid Following (GFL) systems, allowing for the analysis of fault ride-
through issues and transient stability under these conditions.

e Power Stability: A mechanical power adjustment loop is introduced in GFM, and a grid-
structured improved phase-locked loop is employed in GFL to determine the balance point
between GFM and GFL.

e  Reactive Power Locking: The reactive power output that complies with grid guidelines is
supported by replacing the reactive power output with the calculated GFM output voltage Uzr
to support the grid containing GFL.

e  Transient Fault Current Control: Transient virtual impedance is utilized to suppress transient
overcurrent, preventing excessive short-circuit current from damaging power electronic devices
in GFM.

The structure of this paper is organized as follows: Section 2 constructs the basic model of the
grid-following/grid-forming converter hybrid grid-connected system (HGS). Section 3 analyzes the
interaction mechanism between GFL and GFM when a low-voltage fault occurs in the power grid.
Section 4 proposes a GFM power angle control considering the influence of GFL current injection and
a hybrid fault ride-through control strategy based on an improved grid-forming phase-locked loop.
During the fault period, this strategy can not only ensure the power angle stability and limited fault
current of the GFM but also enable the GFL to inject current in accordance with the grid guidelines.
Section 5 verifies the correctness and effectiveness of the proposed control strategy through
simulation.

2. Parallel System of Grid-Following and Grid-Forming Converters
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2.1. Main Circuit System Topology

The topology of the studied Hybrid Grid System (HGS) is shown in Figure 1. The grid-following
converter uses Phase Locked Loop (PLL) control. There are various control methods for the grid-
forming converter, such as Virtual Synchronous Generator (VSG) control, droop control, power
synchronization control, and virtual oscillation control. This paper focuses on the more mature
Virtual Synchronous Generator control as an example for discussion. Both converters are connected
to the main grid through a Point of Common Coupling (PCC).
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Figure 1. Parallel topology of grid-connected converters with grid-following and grid-forming.

In this figure, Voc is a constant DC voltage; Re, L, Re, and Le are the filter resistances and filter
inductances for the Grid-Following (GFL) and Grid-Forming (GFM) converters, respectively; Ce is
the filter capacitor for the GFM converter; Ry, L1, Rz, and L2 are the line resistances and line inductances
for the GFL and GFM converters, respectively; Rg and L represent the line resistance and inductance
between the Point of Common Coupling (PCC) and the grid; Upc is the voltage at the Point of
Common Coupling; iabet and i are the converter-side currents for the GFL and GFM converters,
respectively; uabc and uabe2 are the output voltages for the GFL and GFM converters, respectively; Vs
is the grid voltage.

2.2. Grid-Following Converter Based on Current Control

The control part of a current-controlled voltage source converter (CCS) includes a phase-locked
loop (PLL), power control loop, current control loop, and PWM signal modulation, among others.
The core of the control is the PLL, which achieves synchronization of the CCS with the grid by
estimating and tracking the phase of the grid-connected point voltage uabc1. The schematic diagram
of the phase-locked loop is shown in Figure 2.

abcl abc
*|dq

A

Figure 2. Schematic diagram of phase locked loop.

Its mathematical model can be expressed as:

d9p11

T Ow

dwpll —k k duq1 (1)
de itar TRy
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In the equations: Opn is the output phase angle of the phase-locked loop; wpi is the output angular
frequency of the phase-locked loop; ua1 and uq are the d-axis and g-axis voltages of the grid-
connected point, respectively; ki and kp are the proportional and integral gains of the PI controller. Opn
is used as the angle for the Park transformation, achieving decoupled control of active and reactive
power by aligning uabet with the d-axis, ensuring that uq = 0.

2.3. Grid-Forming Converter Based on VSG Control

The control part of a Virtual Synchronous Generator (VSG) includes an active power loop, a
reactive power loop, dual voltage-current control loops, and PWM signal modulation. The core of
the control is the active and reactive power loops. VSG achieves synchronization with the grid by
mimicking the rotor characteristic equations of a synchronous generator. Consequently, a grid-
forming converter based on virtual synchronous generator control possesses the external
characteristics of a synchronous generator. The schematic diagram is shown in Figure 3.

Figure 3. Virtual synchronous machine control schematic diagram.

The mathematical model of the active power loop can be expressed as:

deé

11
= o
dw du (2)
pll ql
dt = kiuql + kp _dt

In the equations: Ovsg is the output phase angle of the VSG; wvsg is the derivative of Ovsg Pset is the
input mechanical power; P is the output active power of the VSG; wn is the nominal angular frequency;
] is the moment of inertia; and Dy is the damping coefficient.

The active power loop adjusts Ovsg to regulate the output active power P of the VSG, ultimately
ensuring that P = Peet.

The mathematical model of the reactive power loop can be expressed as:

Urer = Uy + kq(Qref - Q) 3)

In the equations: Urt is the output voltage of the VSG; Uo is the set value of the output voltage;
kq is the droop coefficient of the reactive power loop; Qrt is the reactive power reference value; and
Q is the output reactive power of the VSG.

The reactive power loop adjusts the output voltage reference value based on the output reactive
power.

3. Mathematical Model and Transient Characteristics of Parallel System
3.1. Mathematical Modeling of HGS.

The bandwidth of the current loop in the grid-following converter (GFL) is significantly larger
than the bandwidth of the phase-locked loop (PLL). By ignoring the dynamic process of the current
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loop, the GFL can be approximated as a current source. Similarly, in the grid-forming converter
(GEM), the adjustment speed of the inner voltage and current loops is much faster than that of the
active and reactive power loops. By neglecting the dynamic process of the inner voltage and current
loops, the GFM can be approximated as a voltage source. Circuit impedance is considered negligible,
and the phase angle of the grid voltage is taken as the reference angle. The equivalent circuit diagram
of Figure 1 is shown in Figure 4.

1 Z(Opn + @)

L,
.|W
v

Ui £ e\,

U24§vsg L \‘U Lé‘ U !
2 pee4-Ppec

I|| _m"' M
N/

Figure 4. HGS equivalent circuit diagram.

In this figure,I1 is the RMS value of the output current of the current-controlled converter; U is
the RMS value of the output voltage of the GFL;0pn is the phase angle difference between the PLL
and the grid, corresponding to the power angle of a synchronous generator, and for convenience, it
will be referred to as the power angle hereafter; ¢1 is the phase angle difference between voltage U1
and current [1; Uz is the RMS value of the output voltage of the GFM; 6vsg is the power angle of the
GEM,; Vg is the RMS value of the grid voltage.

According to the superposition theorem, the PCC voltage UpccZOpcc in Figure 4 can be expressed
in the stationary reference frame as:

UpecLBpce = jkil1£(8pcc + 1) + kpUp £8ysg + k3Vy20° @)

Lylg Lg Ly

11 2= y K3 = .
Pliy+Lg’ Ly+Lg’ Ly+Lg

In the equation:k; = w

The point where the phase-locked loop (PLL) measures the voltage is Ui£6p1, which can be
expressed as:

Uy 28pn = jkali 2(8pn + ¢1) + koUp 28, + k3Vp20° ®)
. Lalg
In the equation:k, = wpyLy + wpy T
g

Transforming equation(5) to the dq rotating reference frame based on the phase-locked loop
(PLL), the g-axis voltage of U1 can be obtained as:

Uqr = Kaiar + kpUpsin(8ysg — Spn) — kaVesindy ©)

In equation (6): typically,dvsg, 0p1€[0,77/2].

Comparing equation (6) with the case of a single grid-following converter (GFL) connected to
the grid, it can be observed that the q-axis voltage uq: of the GFL has an additional impedance drop
coupling term. The magnitude of this coupling term is related to k2, Uz, Ovsg, and 61, indicating that
the power angle of the phase-locked loop (PLL) is also influenced by the GFM power angle 6vsg.

From Figure 4, the single-phase output complex power of the GFM can be expressed as:

UZ Lgvsg - Upcc45pcc> "
JR¢;

SZ = U245vsg< 7)

In the equation, X2= wn L2, where wn is the nominal angular frequency.
Substituting equation (4) into equation (7), we obtain:
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k3 UZV . kl U211
P, = X, g sm6vsg - X—ZCOS(5VSg — Spn — (P1) )
U2 — kU2 ksU,V, kiUzly
Q, = = - g COSBysg — sin(8ysg — Spn — ¥1) )
2 2

From equations (8) and (9), it can be seen that the GFL affects both the active power loop and
the reactive power loop of the GFM. Compared to the single machine case, an additional active power
coupling term and a reactive power coupling term are introduced. The magnitude of this impact is
related to k1. Uz2. Iiv X2\ Ovsg, Opi, and @1. The power angle of the GFM is also influenced by the
output current 1 of the GFL. By calculating the three-phase active power using equation (8) and
substituting it into equation (2), it can be obtained that the GFM in steady state satisfies equation (10).
k3UzVg

X2

k1Uz1

Peet — 3 sindygg + 3 X, cos(5ng — Opn — <p1) =0 (10)

In summary, the transient analysis model of the HGS can be obtained, as shown in Figure 5. It
can be seen that the integration of the GFL adds a power coupling term to the GFM; similarly, the
GFM adds an impedance drop coupling term to the GFL.

Figure 5. Transient analysis model of HGS.

3.2. Transient Stability Analysis Considering Coupling Effects

Setting equation (6) to zero, the condition for the PLL to have an equilibrium point can be

obtained as:
kUN2  (kaV\2 koksU,V
(2) +(522) + 275" o0 2 i (11)
k, k, k2

When the GFM operates stably,ovsg €[0, m/2].If igq > @,then equation (11) cannot be
4

k2U2+k3Vg

satisfied, and there is no equilibrium point for the PLL. If ig; <—=———, then equation (11) can be
4

satisfied, and an equilibrium point exists for the PLL.

From equation (10), it can be seen that the presence of I1 increases dvsg, reducing the stability
margin of the GFM. The magnitude of Ovs is directly proportional to ki, Uz, and Ii, and inversely
proportional to Xo. If I1 is too large, it may cause the initially stable GFM to lose power angle stability.
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If the GFM loses power angle stability due to a fault or other reasons, its output angle Ovsg increases
indefinitely. As indicated by equation (11), when 06vsg=2kn+m, keZ, the impact on the PLL is
maximized, leading to two possible situations: (1) If equation (11) is not satisfied, the GFL becomes
unstable.(2) If equation (11) is satisfied, since Ovsg increases indefinitely, equation (6) remains in a state
of adjustment and cannot stabilize or converge to 0, indicating that the GFL becomes unstable.

Therefore, transient instability in the GFM will trigger a chain reaction, causing transient
instability in the GFL.

From equation (10), the GFM has a steady-state point when the following condition is satisfied:

(12)

kU, V. \? kU, I \> ki ko URV.I
9(=52) +9(F2) - 18— sin(d + 1) = P
Xz XZ X2

k3UpVg+k Uply .

——————, equation
2

k3UpVg+ky Uply

. then

When the GFL operates stably,dp1 € [0, 7/2] and @1 € [-1t/2, O].If Pser > 3

(12) cannot be satisfied, and there is no equilibrium point for the GFM.If Pse¢ < 3

X2
equation (12) can be satisfied, and an equilibrium point exists for the GFM.

From equation (6), it can be seen that when 6vsg> O pit, O pii increases, and the stability margin of
the GFL decreases. When 6vsg < 0p11, Opi decreases, and the stability margin of the GFL increases. When
Ovsg= Opll, the coupling term is zero, and 6p1 is not affected by the GFM. If the GFL loses synchronization
stability due to a fault or other reasons, the PLL will have no equilibrium point, causing the power
angle Spi to increase indefinitely, thereby affecting the GFM. There are two possible scenarios:(1) If
equation (12) is not satisfied, the GFM becomes unstable. @1t equation (12) is satisfied, due to Opn
increasing indefinitely, equation (10) remains in a state of adjustment and cannot converge to zero,
indicating that the GFM becomes unstable.

Therefore, when the GFL experiences transient instability, the increase in its output phase also
causes the GFM to experience transient instability.

In summary, it is essential to ensure the simultaneous stability of both converters; instability in
either one will affect the stability of the other.

Additionally, during grid voltage sag, the GFM, being a voltage source type, can experience
transient overcurrent and steady-state overcurrent. Under fault conditions, the circuit satisfies:

(13)

INIAAG kU, I \> ki ko URV.I
o) +9(F) 18— sin(6m + 91) 2 P
X X2 X3

In the equation:izr is the instantaneous value of the GFM output current during a fault;uzris the
instantaneous value of the GFM output voltage during a fault;vgr is the instantaneous value of the
grid voltage during a fault;iiis the instantaneous value of the output current of the current-controlled
converter.

From equation (13), it can be seen that the presence of the GFL can reduce the fault current of
the GFM.

During a fault, reducing the GFL output current ia1 not only ensures the existence of the PLL
equilibrium point, but also, as seen from equation (6), the reduction of ia1 can slow down the
acceleration process of the GFL output wpn during the fault, thereby reducing the deviation of wpu.
Since the inertia of the GFM is much larger than the equivalent inertia of the GFL, the increase rate
of dvsg is slower than that of opn during a fault. Additionally, because the fault duration is short, during
the fault, (Ovsg — 0p11) € [-71/2, 0] [18]. For purely active power output, @1 =0, and the reduction in ia1 is
much greater than the change in the cosine function, so the effect of the cosine function can be
ignored. Therefore, when ia1 is reduced, the power coupling term in equation (8) is also reduced.
From equation (2), it can be seen that this also helps to slow down the acceleration of the GFM output
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wvsg during the fault, reducing the deviation of wvsg. The phase plane diagram of the HGS under
different ia1 conditions during a fault is shown in Figure 6.
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Figure 6. Phase portrait of different id1 of GFL.

From Figure 6, it can be observed that reducing the active current of the GFL can slow down the
acceleration process of both the GFL and GFM during a fault, thereby improving the synchronization
stability of the two converters. Moreover, the smaller the ia1, the better the synchronization stability
of the two converters; conversely, the larger the 711, the worse the synchronization stability of the two
converters.

During a fault, reducing the input mechanical power Pset of the GFM not only ensures the
existence of the GFM’s equilibrium point but, as shown in equation (2), also slows down the
acceleration process of the GFM’s output wvss during the fault, reducing the deviation of wvsg. A
decrease in Pset during a fault causes the 6vsg of the GFM, which has inertia, to increase more slowly
than Opn. The smaller the P, the slower the increase of Ovsg, the larger the | Ovsg— 0pit |, and the smaller
the impedance drop coupling term in equation (6), resulting in a smaller deviation of the GFL’s
output wpi. The phase plane diagram of the HGS under different Pst conditions during a fault is
shown in Figure 7.
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(a)The phase plane of the GFL under fault (b)The phase plane of the GFM under fault
conditions conditions

Figure 7. Phase portrait of different Pset of GFM.

From Figure 7, it can also be seen that reducing the input mechanical power Pset of the GFM can
similarly slow down the acceleration process of both the GFM and GFL during a fault, thereby
enhancing the synchronization stability of the two converters. Moreover, the smaller the P, the
better the synchronization stability of the two converters; conversely, the larger the Pset, the worse the
synchronization stability of the two converters.

4. Fault Ride-through Control of the HGS
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During a low voltage sag fault in the grid, the HGS faces three issues: power angle instability
caused by the power imbalance between the GFM and GFL; outputting reactive current in compliance
with grid codes to support the grid; and the risk of overcurrent due to the large short-circuit current
of the GFM, which threatens power electronic equipment.

From the previous analysis, it is known that reducing ia1 and Pset during a grid fault helps ensure
the existence of the equilibrium points of the GFL and GFM, and simultaneously enhances the
transient stability of both converters. However, the conditions for the existence of the equilibrium
points of both converters are coupled through the GFL power angle 0p1, the GFL output current I,
the GFM power angle 6vsg, and the GFM output voltage Uz. Directly controlling the power angles by
adjusting ia1 and Pset is quite challenging. Therefore, this paper first determines the values of the GFM
power angle dvsgr, the fault currents Iir and Lr during the fault, and then calculates the required VSG
output voltage Uzr and mechanical power Psetr based on the power angles.

4.1. Transient Power Angle Control

During a grid fault, while maintaining power angle stability, the GFM power angle Ovsg is
adjusted based on the extent of the grid voltage sag to modify the reactive component of the output
current during the fault, thereby supporting the grid. The adjustment rules are as follows:

v v
(250 02 <8 <09
Ve Ve
Ousgr = { (14)
v
0o -F<o2
Ve
L

In the equation, 6, is the power angle of the GFM before the fault;Vgr is the RMS value of the
grid phase voltage after the fault. During the fault, by adjusting Pse;, we can control the power angle
of the GFM, making it reach 6vsgf under the corresponding V.

According to equation (11), the equilibrium point of the PLL is not only related to the output
current ia1 but also affected by the inductances L1, L2, and Lg. Therefore, by adjusting only the current,
especially in a weak grid environment, it is impossible to ensure the existence of the equilibrium
point. Hence, the output phase angle Ovsg of the GFM is transmitted to the PLL. However, under this
circumstance, the PLL becomes an open-loop system with a steady-state error, making it impossible

to precisely align U: with the d-axis.

From Figure 8(a), it can be seen that there is a fixed angular differencep between U and the d-
axis dcrL of the GFL. Therefore, the angle of the GFL needs to be adjusted by adding a fixed anglepon
the basis of Ovss. This can be obtained by measuring the deviation of uqi and applying PI control.

{epll = HVSg + ¢ (15)
Using equation (15), an improved PLL based on the grid-forming model can be obtained, which

can also precisely align Ui with the d-axis of the two-phase rotating coordinate system of the GFL, as
shown in Figure 8(b). At this point, the active power and reactive power of the GFL are decoupled.


https://doi.org/10.20944/preprints202410.1190.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 October 2024 d0i:10.20944/preprints202410.1190.v1

10

qGFM(q GFL) Qcrm dare
U dGFM(dGFL) oL

dGFM

(a)Based on the GFM rotating coordinate system (b)Based on the GFL rotating coordinate system

Figure 8. Voltage vector diagram.

The Pser during the fault can be obtained as:
k3U2VgF klUZIl

Psetp = 3 Sin(Svng -3 X—COS(¢ + ¢1) (16)
2

2

After introducing the input mechanical power adjustment loop in the GFM and adopting the

improved PLL based on the grid-forming model in the GFL, the control block diagrams of the GFM

and GFL are shown in Figure 9. In this case, as long as the GFM remains stable, the stability of the
GFL can be ensured.

Figure 9. HGS transient power angle control.

4.2. Fault Current Control
4.2.1. Steady-State Current Control

Although the GFM is stabilized by adjusting the input mechanical power, this does not
effectively suppress the overcurrent phenomenon. Even though the presence of the GFL can reduce
the fault current of the GFM, the GFM may still generate a significant fault current when there is a
substantial drop in grid voltage. Therefore, when the fault current ¢ exceeds 1.5 times the rated
current, the control of the GFM fault current L2 is as follows:

In equation (17): Izn is the rated value of the GFM output current.

Since the GFL is a current source type, it will not generate steady-state overcurrent during a
fault. However, to support the grid, it needs to output reactive current. The adjustment rules for the
output current of the grid-following type are as follows:
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In the equation:Iin is the rated value of the GFL output current;lair is the d-axis output current of
the GFL during a fault;Iqir is the g-axis output current of the GFL during a fault.

Based on equations (14), (18), and (19), the values of Ovsgr, Ik, and lair are obtained, respectively.
From equations (4), (6), (8), and (17), the following system of equations can be derived:

(A—k3¥)" + B2 = 2(1.5X, 1) =0

kaigir — ko Uzpsing — kaVpsin(Sysgr + ) =0 (20)
Psetr = CSin5vng — Dcos(¢ + ¢ip)

In equation (20):

In equation (20):¢, = arctan (;2—2) she = I35+ 1245

A = UppCos8yger + kIIIFsin(é‘VSgF +¢+ <p1F) — kyUypC0S8sgp;
k3UzrVg
X,

Equation (20) can be solved using numerical methods to obtain the output voltage Uz of the
GFM and the input mechanical power Pse during a fault. Since the reactive power loop adjusts the
output voltage command, this may lead to inaccurate fault current control. Therefore, during a fault,
the reactive power loop is locked, and the calculated Uzr is used to replace the output of the reactive
power loop.

B = Uppsindyggr — kIIIFcos(SVSgF +¢+ <p1F) — kyUypsindysgr; € = 3

4.2.2. Steady-State Current Control

The transient current of the GFL is small and has a minimal impact on the system, so it can be
neglected. However, the transient current of the GFM is relatively large, and adjusting the reference
voltage of the reactive power loop alone is not effective. If left unchecked, it can damage transistors.

Therefore, transient virtual impedance [20] is used to suppress transient overcurrent. The
threshold current Ith for the virtual impedance is set slightly above 1.5 times Ion. When the detected
fault current exceeds Ith, the virtual impedance is activated; otherwise, the virtual impedance
remains inactive. By combining the virtual impedance with the adjustment of the reactive power
loop, the output voltage of the GFM can be expressed as:

Uret = Uzr — IzpZy (21)

In equation (21): Zv is the virtual impedance.
The overall current control block diagram is shown in Figure 10:
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Figure 10. HGS fault current control.

5. Case Study

To verify the theoretical analysis and the proposed fault ride-through control strategy, a hybrid
grid-connected model of grid-following and grid-forming converters, as shown in Figure 1, was built
in Matlab/Simulink. The system parameters are listed in Table 1.

Table 1. Parameters of HGS.

Parameter Value
DC bus voltage (VDC/V) 800
Grid voltage amplitude (Vg/V) 311
Grid angular frequency (ws/(rad/s)) 314
GFL line inductance (Li/mH) 3.2
GFM line inductance(Lz/ mH) 3.2
Grid inductance(Lg/ mH) 4
GFM moment of inertia (J/(kg/m?)) 5
GFM active power damping coefficient (Dyp) 130
GFM reactive power droop coefficient(kq) 0.01

5.1. Output Characteristics of GFM and GFL during Fault Conditions

When the three-phase grid voltage drops to 0.5, the output currents and power angles of the
GFM and GFL are shown in Figure 11. The simulation duration is set to 3 seconds, with a fault
occurring at 0.5 seconds and clearing at 2 seconds. As seen in Figure 11, during the fault, the power
angles of both the GFM and GFL increase indefinitely. The output currents of the two converters are
affected by the power angles, resulting in oscillations. Since the GFM is a voltage source type, its
maximum current amplitude reaches three times its rated operating value. The output active and
reactive power of both converters also experience oscillations.
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Figure 11. Output waveform under symmetrical fault of grid

Figure 12. a) shows the power angle curves of both converters when the d-axis current reference
value [. a1 of the grid-following converter is changed from 1 pu to 2.5 pu at 0.5 s and restored to 1 pu
at 2 s. Figure 12(b) shows the power angle curves of both converters when the input mechanical
power Pset of the grid-forming converter is changed from 1 pu to 3 pu at 0.5 s and restored to 1 pu at
2 s. Based on the output power angles, it can be seen that the occurrence of power angle instability in
the GFL immediately causes power angle instability in the GFM. Similarly, the occurrence of power
angle instability in the GFM immediately causes power angle instability in the GFL. This verifies the
analysis of the mutual influence between the two converters mentioned earlier.
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(a)Changing Grid-Following reference current (b)Changing Grid-Forming input mechanical power

Figure 12. Change the reference value of the inverter.

5.2. Verification of the Proposed Fault Ride-through Control Strategy

Figure 13 shows the output waveforms when the grid voltage symmetrically drops to 0.4 pu at
0.5 seconds and rises back to 1 pu at 2 seconds. During the fault, transient power angle control is
applied to the HGS, and both the GFL and GFM remain stable after a brief transient process. As seen
in Figure 13(b), during the fault, by adjusting the input mechanical power Pset of the GFM and using
the improved PLL based on the grid-forming model for the GFL, the power angles of both converters
can be kept stable. However, as shown in Figure 13(d), the transient current output by the GFM is
too large, and the steady-state current also exceeds 1.5 pu, approaching 2 pu. From Figure 13(f), it can
be seen that this is due to the excessive reactive current output by the GFM. Although reactive current
can support the grid, there is still a risk of damaging transistors. Therefore, it is necessary to suppress
transient and steady-state overcurrents through fault current control.
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Figure 13. Output waveform under transient power Angle fault ride-through control only.

Figure 14 shows the waveforms of the HGS when transient power angle and fault current control
are implemented as the grid voltage symmetrically drops to 0.4 pu. Similarly, the GFL and GFM
remain stable after a brief transient process. As shown in Figure 14(d), during the fault, by reducing
the output voltage of the GFM, the GEM’s output current is precisely controlled to 1.5 pu. Thanks to
the virtual impedance, the transient current is also effectively suppressed. As depicted in Figure 14(e),
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the GFL, while remaining stable, is able to provide reactive current in accordance with grid codes,
supporting the grid. After the fault is cleared, both converters can return to their pre-fault operating
state after a brief transient process.
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Figure 14. Output waveform under transient power Angle and current fault ride-through control.

6. Conclusion

Focusing on the parallel hybrid grid connection of GFL and GFM converters, a mathematical
model is established to study the challenges of achieving fault ride-through during symmetric grid
voltage sags. The following conclusions are drawn.

1) Due to the coupling effect, the instability of one converter will cause the instability of the other
converter. During a fault, reducing the ia1 of the GFL or the Pset of the GFM can simultaneously
improve the transient stability of both converters.

2) During a fault, the GFM adjusts the power angle according to the extent of the grid voltage
sag and modifies the output voltage while considering the impact of the current injected by the GFL
when limiting current. This approach can effectively suppress short-circuit overcurrent and maintain
power angle stability. The GFL uses an improved PLL based on grid-forming control, which can
effectively prevent GFL instability and inject current into the grid in accordance with grid codes.

3) The study preliminarily explores the mutual influence mechanism and fault ride-through
control of GFL and GFM parallel grid connection under symmetrical faults. The transient process and
fault control of both converters under asymmetrical faults are more complex. The next step will be to
study control strategies under asymmetrical faults.
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