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ABSTRACT Large-scale photovoltaic (PV) power plant has witnessed a dramatic increase in the integration
into transmission and distribution network, manifesting subsynchronous control interaction (SSCI) when the
host grid is weak. In this work, the oscillation modes of a typical PV network are analyzed, and a faster-than-
real-time (FTRT) emulation is proposed for predicting the SSCI and consequently mitigating its impacts on
AC grid by taking the effective active/reactive power control action. The electromagnetic transient (EMT)
simulation is utilized to model the PV panels and converter stations to reflect the actual dynamic process.
Meanwhile, theACgrid undergoes transient stability (TS) simulation to obtain a high speed up over real-time,
and consequently, a power-voltage interface is adopted for the coexistence of different simulation methods.
The reconfigurability and parallelism of the field-programmable gate arrays (FPGAs) enable the EMT-TS co-
emulation strategy to run concurrently. With a remarkable 122 FTRT ratio, the proposed hardware emulation
can provide an effective solution before the SSCI causes serious disruption following its detection. The
hardware emulation results are validated by the off-line simulation tool Matlab/Simulink R© and TSAT R© in
the DSAToolsTM suite.

INDEX TERMS AC/DC grid, dynamic simulation, electromagnetic transient, faster-than-real-time, field-
programmable gate arrays, hardware emulation, parallel processing, predictive control, PV generation.

I. INTRODUCTION
Due to enhanced environmental standards, worldwide renew-
able energy installation has witnessed a dramatic increase.
Less restricted by geographical conditions and higher flex-
ibility in terms of installation compared with other forms
of renewable energies, the solar power system is deemed
as one of the most effective solutions to the environmental
problem and energy crisis [1]–[3]. Although the integration of
photovoltaic (PV) generation systems eases energy demand
on the modern power system, their connection to the utility
network can lead to grid instability or even failure, if the
converters are not properly controlled [4], [5].

In a grid with massive inverter-based renewable genera-
tions, subsynchronous resonance (SSR) due to
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subsynchronous control interaction (SSCI) has become
increasingly common [6]. As a phenomenon of resonance
between a power electronic device and neighboring series
compensated transmission lines [7], the SSCI is distinct from
torsional interaction which involves the mechanical system
of a synchronous generator [8], and therefore, it may grow
more rapidly and subsequently present a severe threat to the
security and reliability of the overall power system.

First seen in a doubly-fed induction generator (DFIG)
based wind farm in Texas in 2009 [7], tremendous efforts
have since been endeavored in mitigating the SSCI in
wind farms [9]–[11]. However, the inverter-based pho-
tovoltaic (PV) station is not exempted from the same
phenomenon and needs investigation. The power generated
by large-scale PV farms has to be transmitted over a long
distance since the plants are usually far away from load
centers. Therefore, the PV source in conjunction with the
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transmission links constitutes a weak grid that faces many
stability issues, including the SSCI [12]–[16]. Considering
that in an interactive network, the oscillations between a PV
converter and the linewill soon spread to theACgrid, analysis
and mitigation of the PV oscillation become crucial in the
transient stability analysis.

Among prevalent SSR analysis methods, frequency scan-
ning is an approximate linear method that calculates the
equivalent impedance of the whole system seen from the rotor
at a specific frequency [17]. Its main drawback is relatively
low accuracy, albeit little calculation effort is required. Time-
domain simulation and eigenvalue analysis are more suitable
for analyzing the SSCI in PV farms [18]. The former method
takes the linear and nonlinear characteristics of the system
into account, and it provides a variety of time-varying curves
that reflect a real SSCI scenario under the circumstance
of accurate modeling. Therefore, in this work, a detailed
PV inverter is modeled to demonstrate the mechanism of
SSCI by both eigenvalue analysis that obtains the oscillation
frequencies and time-domain simulation.

Following the eigenvalue analysis of the control system
in PV stations, mitigating the potential adverse impacts of
SSCI is also a critical part of the proposed work. Traditional
SSR mitigation strategies can be classified as: 1) Apply
bypass filter [19]; 2) Trip the oscillating lines [20]; 3) Utilize
flexible AC transmission systems (FACTS) devices, such as
static var compensator (SVC) [21], [22], static synchronous
compensator (STATCOM) [23], [24], unified power flow
controller (UPFC) [25], and gate-controlled series capacitor
(GCSC) [26], [27]; 4) Add a supplementary damping
controller in either rotor-side converter (RSC) or grid-side
converter (GSC) control loops [28], [29]. The bypass filter
is applied for mitigating SSR and maybe effective for
mitigating SSCI [8]. However, this solution is expensive
at high voltage levels and is less effective at higher
frequencies [20]. The bypass filter is applied for mitigating
SSR and may be effective for mitigating SSCI. However,
this solution is expensive at high voltage levels and is less
effective at higher frequencies. Blocking or cutting off the
abnormal components may influence the overall stability
of the integrated network, further, this strategy may not be
effective for mitigating SSCI [8]. The utilization of FACTS
devices plays a crucial role in mitigating SSR on the thermal
turbine generator connected to the series compensated power
systems. The working principle of the FACTS devices is to
alert the series compensated factor by the reactive power
change. However, the complex control strategies and costs of
FACTS devices are the main restrictions of their wide spread
deployment.

On the other hand, supplementary damping controller
techniques for mitigating SSCI have been reported recently.
The controls and parameters have substantial impacts on
defining the negative resistance of wind generators, which
can significantly damp SSCI. Since the converter controllers
are originally designed to compensate currents or voltages
at the fundamental frequency, their control capability can

be considerably reduced if they are used to inject the
compensation signals only at the concerned subsynchronous
frequency instead of fundamental [30]. Meanwhile, for the
commissioned large-scale wind farms, it is sophisticated and
economically unviable to individually implement the control
schemes on the existing converters of diversely located
hundreds of WTGs that could be of different make and/or
type [31]. It is evident that both the RSC and GSC auxiliary
damping controllers are specifically suitable for wind farms.
There is not enough literature to support that supplementary
damping controller techniques can be applied to photovoltaic
power plants. Further, the utilization of FACTS devices or
converter-based damping controllers is not an economical
solution to mitigate the SSCI in the real-world.

SSCI involves the interactions between a weak transmis-
sion system and a power electronics control system (such
as HVDC links, SVC, or wind turbine control system) [8].
The SSCI and its mitigation techniques for conventional
wind farm systems have been well documented [9], [11],
[32], [33], however, not as much literature is available
regarding the SSCI phenomenon in the context of series
compensated PV farm systems. Due to the inverter and
its control system, the PV stations and their neighboring
transmission system are a potential source of SSCI. In this
work, a hardware-based FTRT emulation is proposed for
damping SSCI in PV farms. The integrated voltage source
converter (VSC) and PV plant can be treated as a PV-
STATCOM, which can realize dynamic active/reactive power
control. Therefore, the power injection method for miti-
gating the SSCI in PV farm is utilized. As mentioned,
since the un-damped oscillations of SSCI are purely based
on electrical and controller interactions, the SSCI may
induce serious damage to the power system. An extremely
fast time-domain emulation platform is required to deter-
mine the proper power injection values to mitigate the
oscillations.

Traditionally, the transient stability simulation is con-
ducted on the CPU-based off-line simulators, such as
PSS R©/e, PowerWorld R©, and DSAToolsTM/TSAT R©. How-
ever, the CPU-based simulation is implemented sequentially,
which is insufficient for real-time control in the energy
control center. The reconfigurability of FPGA enables the
power system components running in parallel to realize real-
time or even FTRT emulation [34], [35]. With the hardware
emulation, the energy control center may have sufficient time
to select an optimal solution for mitigating the SSCI in PV
farm.

The paper is organized as follows: Section II introduces
the background of SSCI and the eigenvalue analysis for
a typical PV farm and its inverter station. The detailed
modeling of the hybrid AC/DC grid components, as well
as equivalent PV cell circuits are specified in Section III.
Section IV demonstrates the hardware design of the proposed
FTRT emulation on FPGA. The FTRT emulation results and
power control strategy are validated in Section V. Section VI
presents the conclusion and prospective work.
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FIGURE 1. Configuration of a PV plant connected with AC grid.

II. PV FARM SUBSYNCHRONOUS OSCILLATION AND
EIGENVALUE ANALYSIS
The increasing demand for renewable energy and FACTS
devices with voltage source converters (VSCs) induces
the potential risk of subsynchronous control interaction.
In order to investigate the principle of SSCI in PV farm,
eigenvalue analysis is applied and the results are validated in
Matlab/Simulink R©.

A. SUBSYNCHRONOUS CONTROL INTERACTION
The subsynchronous resonance (SSR) is one of the major
issues that the traditional power systems encounter [36],
and the inclusion of grid-connected VSC and its control
system leads the hybrid grid more vulnerable. The IEEE
SSR Working Group conducted a general classification of
SSR/SSO [37]. SSO including subsynchronous control inter-
action (SSCI) is defined as the subsynchronous oscillation
problems caused by the interaction between the turbine
generator and other equipment in the system (VSC, HVDC,
variable speed drive converter, etc.).

Usually, large-scale renewable power plants locate far
away from the main grid and VSCs are needed. The PV farm
SSCImay emergewhen a long transmission line is connected,
which will influence the overall security and stability of the
power system. The AC grid strength is typically described by
the short circuit ratio (SCR), which is defined as (1).

SCR =
U2
N

Zg · SN
, (1)

where Zg represents the grid impedance, UN and SN refer
to the rated grid line voltage and the rated power of PV
generation, respectively. A real power transmission system
is treated as a weak AC system when SCR is less than
3. According to (1), the PV farm connected with a long
transmission line is more likely to be regarded as a weak
system due to the large impedance.

B. STRUCTURE OF PV FARM
Fig. 1 provides the configuration of a PV farm connected with
an infinite bus.Udc is the output DC voltage of the PV station,
C refers to the DC filter capacitor, Cf and Lf represent the
filter capacitor and inductor of the PV inverter, Rg and Lg are
the resistance and inductance of transmission line, Ut and Ug
are voltages at the point of common coupling (PCC) and grid
voltage, respectively. The detailed PV cell equivalent circuit
and the subsequent PV inverter is provided in Fig. 2.

In a typical PV power plant, a large number of PV panels
are arranged in an array in order to provide sufficient energy
to the inverter. An arbitrary PV array is composed of Np

FIGURE 2. Detailed topology of (a) PV arrays and (b) PV inverter.

parallel strings and each string includes Ns PV panels in
series, as shown in Fig. 2 (a). The IPV -Udc characteristic can
be expressed as following equation [38]:

IPV = NpIs[1− C1(e
Udc

C2NsUT − 1)], (2)

where Is refers to the saturation current, UT denotes the
thermal voltage, C1 and C2 are constant values. According
to Fig. 2 (b) the differential equation related to PV voltage
Udc can be derived as:

Udc · C
dUdc
dt
= Udc · IPV − Utd · Id , (3)

where Utd and Id represent the grid connection point voltage
and current in d-q frame.

C. CONTROL SYSTEM OF PV INVERTER
As mentioned, the introduction of VSCs may lead to the
SSCI, which is largely dependent on the choice of control
parameters and the network strength. A common PV inverter
control strategy is provided in Fig. 3, where the signals with
superscript ‘*’ are the reference values. Then, the transfer
function of the voltage control loop can be expressed as:

dx1
dt
= Udc − U∗dc, (4)

dx2
dt
= Kp1 · (Udc − U∗dc)+ Ki1 · x1 − Id , (5)

dx3
dt
= Ut − U∗t , (6)

dx4
dt
= Kp3 · (Ut − U∗t )+ Ki3 · x3 − Iq, (7)

where x1, x2, x3, and x4 are state variables; Kp1 and Kp3
refer to the gains of the controllers; Ki1 and Ki3 represent the
integral coefficients.

Meanwhile, the control system of the PV inverter includes
phase locked loop (PLL) to provide the fundamental fre-
quency and phase information of the AC grid, and the
differential equations have the following expression:

dxpll
dt
= Utq, (8)

dθpll
dt
= Kp4 · Utq + Ki4 · xpll + ω0, (9)

where θpll is the angle produced by PLL.
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FIGURE 3. PV inverter controller.

D. EIGENVALUE ANALYSIS
In power system stability and dynamic assessment, the eigen-
value analysis is commonly used for obtaining the modal
frequencies, which can be validated by fast Fourier transform
(FFT). As mentioned above, not only the parameters in
VSC control system may induce SSCI, the grid strength is
an equally important factor to induce oscillations. Take the
equivalent circuit given in Fig. 1 for example, the circuit
equations can be obtained as:

Lg
dId
dt
= Utd − Ugd + ωLgIq, (10)

Lg
dIq
dt
= Utq − Ugq − ωLgId , (11)

In order to calculate the eigenvalues of the proposed
system, the differential algebraic equations (DAEs) (3)-(11)
should be linearized at the operating point. The calculated
state-space equations can be expressed by the following
function:

1ẋ = A ·1x+ B ·1u, (12)

1x = [1x1,1x2,1x3,1x4,1xpll,1θpll,

1Id ,1Iq, ,1Udc]T , (13)

where 1x denotes the vector of state variables, which is
selected as (13), 1u refers to the input quantity, A and B
are state-space matrix and input matrix, respectively. For a
specific system, the state-space matrix A is constant at the
equilibrium point and the eigenvalues can be obtained, along
with the FFT results, as listed in Table 1.Meanwhile, themain
parameters of the PV power plant are given in Table 3 in the
appendix. The calculated mode frequencies are validated by
FFT analysis when SSCI occurs in the proposed weak grid,
as shown in Fig. 1. The oscillation frequencies are highly
dependent on the SCR, e.g. SCR=1.8 in this system. Table 1
indicates that, the oscillation frequency is about 12 Hz from
FFT analysis, which is almost the same as one of the modal
frequencies (11.8207 Hz) calculated from space-state matrix.
Meanwhile, Fig. 4 (a), (b) provide the eigenvalue locus as
the SCR varies from 3.5 to 1. The arrows in Fig. 4 refer to
decreasing grid stiffness, which indicates that λ1, λ8, and λ9
change slightly, λ2, λ3, λ4, and λ7 move further to the left,
while λ5, and λ6move to the right-half plane (unstable region)
eventually. Therefore, the SSCI is more likely to occur in a
weaker grid.

Furthermore, the relation between factors such as varying
PI parameters and PLL control parameters and SSCI can be

FIGURE 4. Eigenvalue locus: (a) eigenvalue locus for varying SCR,
(b) zoomed-in plots for varying SCR, (c) eigenvalue locus for varying
Kp_pll , (d) eigenvalue locus for varying Ki_pll .

TABLE 1. Eigenvalues of the PV system.

analyzed using the eigenvalues. The eigenvalue results of
various PI parameters and PLL control parameters are calcu-
lated and analyzed. It shows that the PLL control parameters
(especially the proportional gain) have a significant impact
on the damping characteristic of the system. Therefore,
the eigenvalue locus for various PLL control parameters is
given in Fig. 4 (c), (d). The SSCI in the PV plants could be
also induced by the PLL control parameters, the eigenvalue
locus of the PLL proportional gain varying from 100 to 10
(indicated by the direction of the arrows) is given in Fig. 4
(c), where the SCR is fixed at 1.8. It indicates that the λ3, λ4,
λ5, and λ6 move further to the right as Kp_pll decreases, while
λ7 moves towards the left-half plane. The system becomes
unstable when Kp_pll = 10, since λ5 and λ6 are located in the
unstable region. Meanwhile, the eigenvalue locus for varying
Ki_pll is also provided in Fig. 4 (d), where the SCR and Kp_pll
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are fixed at 1.8 and 50, respectively. As Ki_pll increases from
500 to 1500, although λ5 and λ6 move towards the unstable
side, the system is still stable whenKi_pll = 1500. As a result,
decreasing the grid strength and the proportional gains of PLL
controller would reduce the system damping significantly.

III. MODELING OF AC/DC GRID
A. TRANSIENT STABILITY EMULATION
The transient stability simulation is applied to the hardware
emulation of AC grid since its electrical models possess low
latency. Transient stability simulation basically solves a set
of differential equations (14) which describe the dynamic
process of the synchronous machines. Meanwhile, network
components such as transmission lines and loads contribute
to the algebraic equations (15) which solve the bus voltages
and current in the AC grid [40].

dx
dt
= F(x,u, t), (14)

G(x,u, t) = 0, (15)

where x denotes the vector of state variables in the
synchronous generator, and the input vector u represents the
generator voltages. The DAE is initialized as:

x0 = x(t0). (16)

Solving the DAEs is the most time-consuming part of
emulating AC grid, where numerical integration methods
largely classified as explicit and implicit can be applied.
The latter is essentially iterative methods which have higher
accuracy under large time-steps, whereas its counterpart
is more efficient and requires lower hardware resource in
small time-steps. Following a trade-off between accuracy and
emulation speed, the 4th-order Runge-Kutta (RK4) is utilized
in hardware emulation, as given below [41]:

RK1 = dt · f (tn, xn), (17)

RK2 = dt · f (tn +
dt
2
, xn +

RK1

2
), (18)

RK3 = dt · f (tn +
dt
2
, xn +

RK2

2
), (19)

RK4 = dt · f (tn + dt, xn + RK3), (20)

xn+1 = xn +
1
6
(RK1 + 2RK2 + 2RK3 + RK4), (21)

where xn refers to the state variables of the synchronous
generator, dt is the emulation time-step, which is defined as 5
ms in transient stability emulation.

1) SYNCHRONOUS GENERATOR MODELING
A detailed 5-mass synchronous machine model with control
system is represented as the differential equation (14) which
contains 9 state variables [42]. The mechanical equations and
rotor electrical equations with 2 windings on the d-axis and
2 damping windings on the q-axis are given below:

dδ
dt
= ωR ·1ω(t), (22)

FIGURE 5. Synchronous generator control systems: (a) AVR and PSS,
(b) governor.

d1ω
dt
=

1
2H

[Te(t)+ Tm(t)− D ·1ω(t)], (23)

dψfd
dt
= ωR · [efd (t)− Rfd ifd (t)], (24)

dψ1d

dt
= −ωR · R1d i1d (t), (25)

dψ1q

dt
= −ωR · R1qi1q(t), (26)

dψ2q

dt
= −ωR · R2qi2q(t), (27)

where δ and 1ω represent the rotor angle and derivative
of angular velocity, respectively. The automatic voltage
regulator (AVR) and power system stabilizer (PSS) are given
in Fig. 5 (a), and the differential equations are given as:

dv1
dt
=

1
TR
· [vt (t)− v1(t)], (28)

dv2
dt
= Kstab · ˙1ω(t)−

1
Tω

v2(t), (29)

dv3
dt
=

1
T2
· [T1v̇2(t)+ v2(t)− v3(t)]. (30)

Meanwhile, a governor with four-stage steam turbine is
included in the control system of the synchronous machine
model, as given in Fig. 5 (b). The output mechanical power
(Pm) has a low sensitivity to time-step. In order to reduce
the computational burden, governor system equations are
calculated by Forward Euler, which are not included in the
9th-order DAEs.

B. EQUIVALENT CIRCUIT OF PV CELLS
In order to reveal the dynamic process of the subsynchronous
transient, the electromagnetic transient (EMT) simulation
is utilized for the PV cells and the corresponding inverter

VOLUME 9, 2021 128485



S. Cao et al.: Damping of Subsynchronous Control Interactions in Large-Scale PV Installations

FIGURE 6. PV cell model: (a) equivalent circuit, (b) diode discretized
circuit, and (c) two-node EMT model.

station. The equivalent circuit of a PV unit is provided
in Fig. 6 (a), which consists of the irradiance-dependent
current source, an anti-parallel diode as well as shunt and
series resistors. The working principle of the irradiance
dependent current source is given as [43]:

iph =
S
Sref
· iref (1+ αT · (Tk − Tref )), (31)

where the variables with subscription ref are reference
values, S refers to the solar irradiance, αT denotes the
temperature coefficient, and Tk is the environment tem-
perature. In hardware emulation, the nonlinear component,
anti-parallel diode is linearized using partial derivatives for
EMT emulation, as shown in Fig. 6 (b). The equivalent
conductance and current which represents the nonlinear diode
are expressed as:

Gd =
Is
VT
· e

vd
VT , (32)

ideq = id − Gdvd , (33)

where Is and VT are the saturation current and thermal
voltage, respectively. The fact that all the components in the
PV cell equivalent circuit implies that the PV cell can be
expressed by current sources and resistors. The PV unit can
be further simplified into two-node EMT model by Norton’s
theorem, as shown in Fig. 6 (c), where

Jpv =
Iph − ideq

GdRs + RsGsh + 1
, (34)

Gpv =
Gd + Gsh

GdRs + RsGsh + 1
. (35)

C. EMT AND TRANSIENT STABILITY CO-EMULATION
INTERFACE
The integrated AC/DC grid with PV farm is given in Fig. 7,
where the four-terminal (4-T) HVDC system is connected
with IEEE 39-bus system at Bus 20 and Bus 39 for delivering
extra active or reactive power to the AC grid, while the PV
farm with a capacity of 400 MW is connected directly to the
AC grid at Bus 39 through a long transmission line, which
is represented as the blue circle in Fig. 7 (a). MMC 1 and
MMC 2 act as rectifier stations, whileMMC 3 andMMC 4 are
treated as inverter stations. For effective coordination of the
various emulation strategies, the interface between EMT and
transient stability co-emulation should be designed properly.

FIGURE 7. Topology of the integrated AC/DC grid with PV farm: (a) IEEE
39-bus system, (b) four terminal (4-T) HVDC system, (c) PV farm and its
inverter station.

1) DATA SYNCHRONIZATION
The PV arrays as well as VSC stations can be treated as time-
varying P+jQ loads from the AC side point of view, which
means both of the P and Q values are updated in every time-
step to maintain the emulation accuracy. The power injection
of the MMC stations can be derived as (36) and introduced
into the admittance matrix,

Y =
(Pmmc + j · Qmmc)

V 2
Bus

. (36)

Meanwhile, the instantaneous voltages represented by a
combination of amplitude U and phase angle θ at PCC are
the inputs of the EMT simulation. The data synchronization
of the AC/DC interface is simultaneous, i.e., the output
time-varying P+jQ loads calculated from MMC stations
are delivered to the AC gird and solved together with the
admittance matrix. After solving the network equations,
the resulting PCC bus phase voltages U 6 θ are in turn sent
to the control systems of MMC stations.

2) TIME-STEP SYNCHRONIZATION
As mentioned above, a time-step of 5 ms is applied on the
transient stability emulation of the IEEE 39-bus system,while
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FIGURE 8. Hardware setup for FTRT emulation.

the 4-T HVDC system, as well as PV farms adopt EMT
emulation with the time-step of 200 µs. The emulation goes
forward only when the time instant of all subsystems exceed
the global time-step. In the proposed testing system, the DC
system is calculated 25 times individually until it reaches the
same time instant of AC grid. Then the DC system sends the
instantaneous P+jQ values to the AC grid, and the calculated
PCC voltages U 6 θ are delivered to the control systems of
MMC stations.

IV. FTRT EMULATION ON FPGA
The hardware emulation of the hybrid AC/DC grids with PV
installation was conducted onXilinx Virtex R© UltraScale+TM

VCU118 board containing XCVU9P FPGA, which includes
1182240 look-up tables (LUTs), 2364480 flip-flops (FFs),
and 6840 DSP slices. The abundant hardware resources
enable the large-scale AC/DC grid to be emulated on
FPGA board. The reconfigurability of FPGA, i.e., enables
programming hardware according to the application, allows
the hardware resources can be adjusted to accommodate and
represent a practical system, and results in each component
or subsystem could be designed as a hardware module. After
linking the hardwaremodules properly, the integrated AC/DC
grid can be executed on the hardware.

A. FTRT EMULATION PLATFORM
Fig. 8 provides the hardware setup for the FTRT emulation.
The initial conditions as well as the functions which represent
the AC/DC grid are downloaded from the host computer
via the JTAG (Joint Test Action Group) interface, then the
hardware-in-the-loop (HIL) emulation can be achieved in the
FPGA board.Meanwhile, the Xilinx Virtex R© UltraScale+TM

VCU118 board is equipped with three high-speed real-time
communication interfaces for data transfer, which are QSFP

FIGURE 9. Block design for FTRT emulation.

(Quad Small Form-factor Pluggable), Samtec R© FireFly and
Ethernet interfaces. The received current operation conditions
will be delivered to the relative hardwaremodule. In practical,
both of the QSFP and Samtec R© FireFly interfaces provide
up to 4×28 Gbps bidirectional data communication speed,
which are widely utilized for receiving current operation
conditions from a real power control center or other FPGA
boards. Due to the relatively slow transmission speed,
the Ethernet interface is treated as the backup solution
for data communication. With the emulation functions
downloaded from the host computer and the real-time
condition signals, the hardware emulation can go forward in
time domain. The output of the FPGA is digital data, which
is inconvenient for following analysis. The VCU118 FPGA
board provides the FMC interface to connect the digital-to-
analog converter (DAC) board, so that the output signals can
be displayed on the oscilloscope.

B. HARDWARE DESIGN PROCESS
Recently, Xilinx Vivado R© toolset provided the high-level
synthesis (HLS) tool to shorten the design cycle, which
enables designing hardware modules by coding in C/C++.
After synthesis in the HLS tool, each circuit part written
in C++ program generates an IP core for block design.
The hardware block diagram along with the data steam is
given in Fig. 9, where each block represents an IP core
generated by HLS R©. The discretized differential equations
are calculated by RK4. Due to the fully independent state
variables, the ten generators in IEEE 39-bus system can be
solved in parallel. The calculated admittance matrix Y and
state variables xn+1 are delivered to Network and Governor,
respectively. The 4-T HVDC system mainly involves three
concurrently computed modules: the MMC average value
model (AVM), its controller (CNT), and the DC grid network.
The only signal that the transient stability simulation needs
from the HVDC system is the dynamic active and reactive
power, which are calculated in the DC grid and converted
into the admittance matrix according to the PCC voltages.
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TABLE 2. Specifics of major AC/DC grid hardware modules.

Meanwhile, the PV Farm also requires the PCC voltage for
PLL module and provides the time-varying P+jQ load to
IEEE 39-bus system. The external data exchange mechanism
of PV Farm is the same as that of 4-T HVDC system.

Table 2 gives the latencies and hardware resource uti-
lization of the proposed integrated AC/DC system. The PV
stations are fully parallelized except the PVCircuit part, and
therefore, the total latency can be calculated as 41 + 119 =
160Tclk . Under an FPGA clock cycle of 10ns, the FTRT ratio
can be expressed as 200µs

160×10ns = 125. Similarly, due to the
parallelism, with the EMT emulation time-step of 200µs the
FTRT ratio of the 4-T HVDC system is over 200µs

(90+73)×10 ns =

122. Meanwhile, the estimated latency in a transient stability
time-step is 1470 + 269 + 33 = 1529Tclk , where YMatrix
and RK4 should be synchronized, and the maximum latency
of parallel parts is chosen. According to the proposed co-
emulation interface, although the FTRT ratio of 5 ms

1529×10 ns =

327 can be reached in the AC grid, the overall FTRT ratio of
the hybrid AC/DC grid is dependent on the EMT emulation
parts, which is about 122 times faster than real-time. With
more than 122 FTRT ratio, the power control center has
sufficient time to predict the adverse impacts, take remedial
actions, or decide an optimal power injection solution for
damping SSCI.

C. DESIGN PROCESS FOR DAMPING SSCI
The proposed FTRT emulation can be utilized by the
power control center in a real power transmission system,
as given in Fig. 10. Once the SSCI occurs and is detected,
the peripheral devices delivered the recorded data to the
FPGA boards running a virtual grid via the high-speed
interfaces of the FPGA board, including QSFP, Samtec R©

FireFly, and Ethernet interfaces. Meanwhile, in the control
center, there could be several power injection scenarios being
emulated in the FTRT hardware platforms. With a 122 FTRT
ratio, the control center has sufficient time to come up with
an optimum solution that helps maintain the synchronism of
the generators and mitigate the SSCI, such as those shown in

FIGURE 10. Design process of the FTRT emulation for mitigating SSCI.

the manuscript. In addition to determining the proper power
that should be delivered by the HVDC and PV stations by
scanning a wide power range on the FTRT hardware, other
control actions and the consequent system response could
also be simulated simultaneously on the boards in the control
center. However, it should be pointed out that since the focus
of this work is to demonstrate how FTRT being developed and
used to maintain a stable system, only an effective solution
is demonstrated, and other control actions that are unable to
stabilize the system will be automatically disregarded. The
sufficient margin over real-time, i.e., the high FTRT ratio,
leaves the control center enough time to predict the impact
of a remedial action following a contingency as well as make
an optimal decision.

V. FTRT EMULATION RESULTS AND VALIDATION
The subsynchronous oscillation and itsmitigation strategy are
emulated in the FTRT platform, and the results are validated
by the Matlab/Simulink R© and the off-line transient stability
simulation tool TSAT R© in the DSAToolsTM suite.

A. CASE 1
In steady state, the PV farm delivers 287 MW active power
and 170 MVar reactive power to the AC grid, the total
inductance of the AC transmission line is 0.1 H and the
system is stable. At the time of 1 s, fixed the inductance
to 1.1 H , the oscillation occurs, as shown in Fig. 11 (a),
(c), and (e). Fig. 11 (a) and (c) imply that the oscillation
frequency is below 60 Hz, which means the oscillation is in
subsynchronous mode. Fig. 11 (e) indicates that the PV farm
SSCI is diverging, which may cause serious impacts on the
generator shaft if it spreads to the AC grid. In order to limit
the disturbances caused by SSCI, the power control center
should take remedial actions immediately.

In this work, PV farm with VSC stations has the ability
of dynamically changing active/reactive power, which has
similar effects with FACTS devices. Meanwhile, with the
introduction of FTRT emulation, the power control center
has sufficient time to decide an optimal solution before the
SSCI causes more disruption. At t=1.09 s, PV farm provides
extra 48 MW active power to AC grid and reduces the
reactive power to 75 MVar , as shown in Fig. 11 (f). After
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FIGURE 11. FTRT emulation results: (a) PV voltage under SSCI, (b) PV voltage after FTRT power control strategy, (c) PV current under SSCI, (d) PV current
after FTRT power control strategy, (e) active/reactive power output under SSCI, and (f) active/reactive power output after FTRT power control strategy.

FIGURE 12. The impacts on the AC grid after power injection: (a) generator relative rotor angles (G1-G5), (b) generator relative rotor angles (G6-G9),
(c) generator voltages (G1-G5), (d) generator voltages (G6-G10), (e) frequencies (G1-G5), and (f) frequencies (G6-G10).

changing the power injection, the output voltage and current
of the PV station restored stable. Meanwhile, the zoomed-
in plots in Fig. 11 prove that the proposed FTRT hardware
implementation method is as accurate as the EMT simulation
in Matlab/Simulink R©.
Although the power injection method can mitigate the

SSCI in PV farm and the integrated weak grid significantly,
the extra power may cause instability of the integrated AC
gird, as given in Fig. 12. Due to the power injection from the
PV farm, the rotor angles and voltages of the synchronous
generators start to oscillate and then stabilize in a new state,
as shown in Fig. 12 (a)-(d). However, the abnormal power
injection causes the instability of the generator frequency,

which cannot be restored. As can be seen in Fig. 12 (e)-(f),
the frequency keeps rising, and eventually it is far beyond
the maximum 1% threshold. The integration of the 4-T
HVDC system increases the overall stability by changing
the inverter’s active power from 400 MW to 300 MW at
around 5 s, it lasts until the frequency is recovered to 60 Hz
at t=9.5 s, as Fig. 13 (e)-(f) shows. Meanwhile, the output
voltages and rotor angles of the generators, as expected,
restore to the previous state given in Fig. 13 (a)-(d).

B. CASE 2
In this case, series compensator is used for reducing the
voltage drop and maintaining system stability since the
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FIGURE 13. FTRT based predictive control for power system stability analysis: (a) generator relative rotor angles (G1-G5), (b) generator relative rotor
angles (G6-G9), (c) generator voltages (G1-G5), (d) generator voltages (G6-G10), (e) frequencies (G1-G5), and (f) frequencies (G6-G10).

FIGURE 14. FTRT emulation results and validation: (a) PV voltage under three-phase-to-ground fault, (b) PV voltage after power control strategy, (c) PV
current under three-phase-to-ground fault, (d) PV current after power control strategy, (e) active/reactive power in PV farm under three-phase-to-ground
fault, and (f) active/reactive power in PV farm after power control strategy.

impedance cannot be ignored in a long transmission line,
which may also induce the PV SSCI after the occurrence
of a serious disturbance. At the time of 1 s, a three-phase-
to-ground fault lasting 90 ms happens at the remote end of
the transmission line (near Bus 39) in PV farm, where the
transmission line is 65% compensated. Fig. 14(a), (c), and (e)
indicate that SSCI emerges in PV farm after the fault is
cleared. The FTRT emulation platform equipped in the
energy control center forecasts different scenarios and then
adopts a proper active/reactive power injection strategy
to mitigate the SSCI induced by the series compensator.
At t=1.09 s, the PV farm begins to change the output reactive

power from 170 MVar to −100 MVar , as given in Fig. 14
(f). With the reactive power control, the output voltage and
current maintain stable as shown in Fig. 14 (b) and (d).
math Although the PV farm absorbs reactive power for
mitigating SSCI, the impacts after the reactive power change
will not induce significant disturbance in IEEE 39-bus system
since active power remain stable. The instability of the bus
voltages, current and frequencies in AC grid can be damped
by the exciter and governor system of synchronous machine,
as given in Fig. 15. The integrated 4-T HVDC maintains the
same power injection values as before the fault. Based on
the emulation results, the power control strategy is able to
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FIGURE 15. FTRT emulation results and validation: (a) generator relative rotor angles (G2-G5), (b) generator relative rotor angles (G6-G9),
(c) generator voltages (G1-G5), (d) generator voltages (G6-G10), (e) frequencies (G1-G5), and (f) frequencies (G6-G10).

FIGURE 16. Relative errors: (a) generator relative rotor angle errors
(G2-G5), (b) generator relative rotor angle errors (G6-G10), (c) PV output
voltage errors under SSCI, (d) PV output voltage errors after mitigation.

mitigate the SSCI in PV farms, and the FTRT emulation helps
tackle power system stability issues by reducing the reaction
time for providing an optimal solution.

C. ERROR ANALYSIS
In order to validate the accuracy and performance of the
proposed FTRT platform, Fig. 16 provides the relative errors
of the transient stability emulation part and EMT emulation
part, where the relative errors are calculated as:

ε =
VFTRT − VSimulink/TSAT

VSimulink/TSAT
× 100%. (37)

Fig. 16 (a) and (b) provide the relative errors of rotor
angles in Fig. 13, where the 4-T HVDC system takes actions
to maintain the overall stability. Under this contingency,

the AC system experience three times active/reactive power
injection, which induces the maximum computational error.
Fig 16 (a)-(b) indicate that the maximum error appears right
after the occurrence of serious disturbances, e.g., at t=9.5s,
the maximum error of−0.67% appears when the HVDC sys-
tem changes to the normal operation stage. Fig. 16(c) and (d)
provide the EMT emulation part errors of PV output voltage
under SSCI and after mitigation, respectively. Due to a
dramatic voltage oscillation, the maximum relative error
appears when the SSCI occurs. The relative errors of the EMT
emulation range from 0.17% to−0.20%. After the mitigation
of SSCI, the relative errors restore to stable gradually as
shown in Fig. 16 (d). Compared with the TS emulation part,
the EMT emulation has higher accuracy since a relatively
small time-step is applied, and the overall relative errors of
the proposed FTRT based system are within ±1%.

VI. CONCLUSION
This work presents the SSR issue induced by the operation
modes of PV converters integrated into transmission and
distribution systems and a new solution combining hardware
parallelism, the FTRT algorithm, and consequently the
predictive functionality of the platform. Taking the inherent
advantages of reconfigurability and parallelism, the FPGA
allows emulating the integrated system in FTRT mode. With
an achievable 122 times emulation speedup over real-time,
it enables the energy control center to have sufficient time to
predict the future states, improve dynamic response analysis
speed, and yield an optimal solution to maintain the system
stability. Meanwhile, the eigenvalue analysis on the PV farm
and its control system provided theoretical basis for the SSCI
phenomenon in PV plants connected to aweak grid. The time-
domain results from the FTRT emulation demonstrate that
the EMT and transient stability co-emulation are numerically
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stable and accurate in comparison with the off-line simulation
tools Matlab/Simlink R© and TSAT R©. Furthermore, the emu-
lation of the proposed hybrid AC/DC grid is conducted on
a single FPGA board. Once the system becoming larger,
the FTRT emulation can be carried out on multiple FPGAs
with high-speed data communication interfaces.

APPENDIX

TABLE 3. Main parameters of the PV power plant.
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