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Abstract: The continuous improvement of new energy penetration reduces the inertia of the system,
which leads to the frequency deviation and the rate of change of frequency (RoCoF) being easily
exceeded. To improve the frequency stability of sending-end power systems with large-scale re-
newable energy access via ultra-high voltage direct current (UHVDC), the coordinated frequency
control for UHVDC participating in system frequency regulation (FR) including primary FR and
system inertial response is presented. Based on the simplified system model, the mechanism of
UHVDC participation in system frequency support and its influence on receiving-end system fre-
quency response characteristics are analyzed. Compared with the inertia response and primary FR
of traditional synchronous generators, the parameter calculating method of UHVDC coordinated
frequency response control is proposed. Based on the system root trajectory analysis, the influence of
the frequency response control parameters on the sending-end system'’s stability is analyzed, and the
constraints of UHVDC participating in the system frequency response control are analyzed. Then,
based on the RTDS verification platform containing the Lingshao +800 kV UHVDC control and
protection system, the system frequency response characteristics under different control strategies,
operating conditions and control parameters are verified and analyzed. The experimental results
show that the UHVDC frequency coordinated control can effectively increase the equivalent inertia
of the sending-end system, restrain the RoCoF and the frequency deviation, and increase the FR
capability of the UHVDC system.

Keywords: frequency regulation; UHVDC; system inertia control; frequency response characteristic;
UHVDC control and protection system

1. Introduction

Renewable energy, such as wind and solar energy, in China is mainly distributed
in the western and northern regions, while the load centers of China’s power grids are
mainly located in the eastern and southern regions. Therefore, it is necessary to adopt large-
capacity and long-distance transmission technologies to solve the problem of distribution
between resources and loads. Because of the fast response, flexibility, controllability,
and economical characteristics [1,2], ultra-high voltage direct current (UHVDC) power
transmission technology has developed rapidly in China in recent years [2-4]. However,
after the large-scale integrations of photovoltaic (PV) and wind turbines (WT) to the
sending-end power system with grid-connected inverters as the circuit interface, the
PV and wind generators usually operate at the maximum power tracking mode [5,6],
resulting in the inability of generation units to respond to changes in system frequency
and their inability to participate in system frequency regulation (FR) [7]. In addition,
WT provide inertial support to the system through rotor kinetic energy, which leads to
mechanical fatigue of the rotor, reducing the reliability and service life of the equipment
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significantly [8,9]. Thus, the frequency response characteristics and FR ability of the
renewable energy-based sending-end system are far less than those of the traditional
synchronous generator (SG). With the increasing penetration rate of renewable energy
power generation in the sending-end power system, the system inertia and FR capability
will continue to decrease, and the frequency stability issues will become more and more
prominent [10,11].

To improve the frequency stability of the sending-end power system, the virtual inertia
control (VIC) [12] and virtual SG control (VSGC) [13] are proposed to equip the renewable
energy generation system. Therefore, the renewable energy system can participate in the
system FR to a certain extent. However, due to the constraints of uncontrollable factors such
as wind speed, light and the limited capacity of a single generating unit, renewable energy
generation participant systems with grid FR must use standby control or be equipped
with certain energy storage systems [14]. At the same time, it is necessary to consider
coordinated control between multiple machines, even between renewable energy and
traditional generating units to participate in FR. Therefore, there are major challenges such
as limited regulation capacity, high regulation costs and complex coordination processes.

The UHVDC system has the characteristics of large transmission capacity and fast
power regulation [15]. Therefore, by introducing the virtual inertia and droop control
into the UHVDC system, the DC power delivered by the UHVDC system can be actively
adjusted, enabling the UHVDC system to participate in the inertia response process and
primary FR control process of the sending-end power system at the same time. As shown
in Figure 1, the main strategies of a HVDC system participating in the sending-end system
FR include frequency limit control (FLC) [16] and auxiliary frequency control (AFC) [17].
With FLC, the UHVDC system controls the frequency of the sending-end system within a
set range (wn — F,, wn + Fp). When AFC is adopted, the UHVDC system participates in
the system FR through droop control, and the FR power is mainly determined by the droop
coefficient. FLC is mainly used in the sending-end system that is an isolated hydropower
or thermal power system. AFC based on droop controller is used in the sending-end
system that is a regional power grid. The comparison of characteristics between different
FR control is shown in Table 1.
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Figure 1. Typical frequency control strategies. (a) The principle of frequency limit control (FLC). (b) The principle of

auxiliary frequency control (AFC).

Table 1. Comparison of characteristics between different FR controls.

Renewable Energy Generation System HVDC/UHVDC
Projects
VIC VSGC FLC AFC
Participate in inertia . Par.t1C1pate in Frequency Participate in
Advantages response and inertia response closed-loop .
- . primary FR
primary FR and primary FR control
Requires complex . Not applicable No inertia
. L Requires storage .
Disadvantage coordination to regional response

processes systems grids capability
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The essence of a UHVDC system participating in the frequency modulation control of
the sending-end system is to utilize the fast power regulation characteristics of the converter.
The FR of the sending-end system is realized based on the powerful adjustment ability of
the receiving-end system. Its FR mechanism, response characteristics, parameter tuning
method and limiting factors are quite different from those of wind power and photovoltaic
power generation systems [18]. Therefore, there is a need for further research into the
principles and methods of FR for UHVDC systems involved in the sending-end system. In
Reference [19], a control strategy to engage offshore wind farms through multi-terminal
HVDC grids for frequency support is proposed. In Reference [20], an auxiliary frequency
control strategy with additional frequency control and automatic generation control for
HVDC transmission is proposed. In Reference [21], a novel adaptive droop control strategy
is presented to provide power sharing and FR in HVDC systems. In Reference [22], a
multi-source cooperative FR strategy for coordination between a UHVDC system and
wind farm was proposed. The above research results have played an important role in
supporting power system stability, significantly reducing the system frequency deviation
indicator. However, there are few literature and engineering attempts to use UHVDC
transmission systems to provide inertia support; hence the rate of change of frequency
(RoCoF) indicator of the sending-end system frequency indicator is still easily exceeded,
causing a series of adverse consequences [23]. To guarantee the frequency stability, the
RoCoF-related relays will be triggered when the RoCoF exceeds its pertinent threshold
regulated by the grid code in many countries [24]. Typical RoCoF relay settings range from
0.1 Hz/s to 1.0 Hz/s in 50 Hz power systems, and from 0.12 Hz/s to 1.2 Hz/s in 60 Hz
power systems [25].

This manuscript addresses the characteristics of UHVDC system participation in the
sending-end power system FR and the deficiencies of existing frequency control. Based
on the frequency droop control, virtual inertia control is introduced to realize a UHVDC
system responding to the inertia and the primary frequency control demand at the same
time. In addition, to facilitate the practical application of frequency coordinated control in
UHVDC engineering, this paper further analyzes the mechanism of UHVDC participation
in sending-end system frequency control and its effect on the frequency response charac-
teristics of the receiving-end system, puts forward a tuning method of UHVDC system
frequency coordinated control parameters, and analyzes the influence of frequency coor-
dinated control parameters on the frequency response characteristics of the sending-end
system and the limiting factors of the UHVDC system participation in frequency control.
Finally, the effectiveness of the proposed frequency control strategy, analysis method and
calculating method of parameters and their feasibility in engineering applications are
verified through a closed-loop real-time simulation system containing Lingshao £800 kV
UHVDC control and protection system.

2. Frequency Coordinated Control Strategy of UHVDC Systems Considering
Inertial Support

Frequency deviation Af and RoCoF (R) are the two main indicators of power system
frequency stability [26]:

{ Af:d{:—]:?*:Aw*fn O
where f and f, are the real-time frequency and rating frequency of the power system,
respectively. Aw* is the per unit value of system frequency deviation, Aw* = w* — wn*,
w* = w/wn, wn* =1, w is the angular frequency of the system, and wy, is the rated angular
frequency of the system.
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This paper focuses on the implementation, response mechanism, operating characteris-
tics, and limitations of the UHVDC system in the fast response to the frequency stabilization
requirements of the sending-end power system. As the whole interconnected power sys-
tem via UHVDC includes both the sending-end and receiving-end system, all physical
symbols are distinguished by subscripts 1 and 2 for ease of analyzing the sending-end and
receiving-end systems, and by superscript * for per unit value.

In addition, the control logic of the UHVDC system based on the line commutated
converter (LCC) is very complex. There are control links such as constant extinction angle
control, constant current control, constant voltage control and minimum trigger angle
restriction in the normal operation process to match and limit each other [27]. The essence
of FR is to adjust the active power delivered by the UHVDC system according to the system
frequency response characteristics. Therefore, to facilitate the analysis of FR, this paper
equates the UHVDC system with a second-order system [28]:

_ w3 _ 289
524+ 2cwps +wf 5% +20.06s + 289

DC(s) 2)

where the system characteristic roots are p1 , = —10.03 £ j13.73.

During the debugging of the £800 kV UHVDC engineering system, the current step
test result is shown as the solid blue line in Figure 2. Its overshoot is about 10%, the
response time is about 110 ms, and the peak time is about 230 ms, so the second-order
system damping ratio ¢ = 0.59 and the natural frequency wg = 17 can be obtained. The step
response curve based on (2) is shown as the red line in Figure 2. Comparing the two curves,
it can be seen that the response characteristics are basically consistent.
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Figure 2. Comparison of the step response of the equivalent DC system and the actual system.

2.1. Principle of Frequency Coordinated Control

At present, in the high permeability renewable energy grid-connected system, the
FR of a renewable energy participating system is easily affected by wind speed and light
conditions, which usually requires the cooperation of energy storage system and has high
frequency regulation costs. The UHVDC system relies on the receiving power grid and
has strong regulation ability, but the existing AFC cannot provide inertia support for the
power grid. To make UHVDC participate in the system inertia response and primary FR
control at the same time as a conventional synchronous generator, virtual inertia control is
introduced based on conventional frequency droop control, and the frequency coordination
control strategy of UHVDC system is obtained, as shown in Figure 3.
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The UHVDC frequency coordination control consists of droop and inertia control. The
droop control is mainly based on the frequency deviation to participate in the primary FR.
The Inertia control is mainly based on the frequency differential to provide inertia support
in the sending-end system. Through the coordination of inertia and droop control, the
UHVDC system can participate in both the inertia response and the primary FR of the
power grid system.

UHVDC frequency coordination control mainly refers to the synergistic effect of inertia
and droop control. Inertia control mainly acts at the initial stage of load disturbance, and
droop control is mainly effective when the system frequency deviation is large. Through
the coordination of inertia and droop control, the RoCoF is further reduced, and more
adjustment time is obtained for the primary FR. The fluctuation range of the system
frequency is reduced, and the frequency stability is improved.

In Figure 3, Aw.f* is the reference value of the system frequency deviation, which is
usually 0. The system frequency dynamics is obtained in real time through the advanced
PLL algorithm [29] in UHVDC control and protect system. Therefore, when frequency
coordinated control is adopted, the auxiliary FR power P is:

dAwj

Py = kpAwi“ + kd dr

®)

where kp and kg are the proportional and derivative parameters for frequency control,
respectively. wy* is the frequency of the sending-end system.

In addition, as the UHVDC system has a fast-active regulation capability, the response
time usually does not exceed 150 ms when the power step disturbance occurs. As the
power system FR process belongs to the electromechanical transient process, its time
scale is usually in seconds [30], so the regulation process of the UHVDC system can be
neglected. After the introduction of frequency coordinated control, the actual active power
Py, delivered by the UHVDC system can be described as:

Pdc = Pdc_refO + Pf (4)

where Py refy is the power reference value provided by the automatic power control or
manual control in the UHVDC system.
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Figure 3. Frequency coordinated control strategy for UHVDC power transmission system.
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To avoid FR due to small fluctuations, dead zone [31] is usually set in frequency
coordinated control. For the droop control, the dead zone can be set to either the frequency
deviation or the FR auxiliary power value. For the inertia control, the dead zone can be set
to RoCoF or FR auxiliary power value. The switching on and off of frequency coordinated
control is determined by the input enable signal T};. To reduce the secondary impact of the
frequency coordination control on the system frequency, a low-pass filter is usually used in
UHVDC systems to achieve a smooth cast-off, e.g., moving average filter.

2.2. Mechanistic Analysis of Frequency Coordinated Control

To simplify the analysis, the frequency coordination control further ignores the influ-
ence of the filtering link, the dead zone link and the power limiting link. The uncertainty
of renewable energy generation and the influence of frequency control are not considered,
and it is equated to a constant power source. As shown in Figure 4, the frequency response
simplified model of the UHVDC grid integrated system can be obtained. Therefore, the
dynamic response equation of system frequency is:

*
dwj

2H, i

=Pn1— P 1 —Pi1—Di(wy —1) @)

where H; and D; are the inertia constant and damping coefficient of the sending-end
system, respectively; Py, 1* and P _1* are the mechanical power of prime motors and
the system load power in the sending-end system, respectively, and P;, 1* contains the
renewable energy generation power; Py, 1 is the per unit value of P4 in the sending-end
system; Pgy. 1* = P4c/Sp1, Sp1 is the basic power of the sending-end system.
Combining (4) and (5), the frequency dynamic response with frequency coordinated
control can be obtained as:
k4

2H —_—
( 1+SBl)

*
- (L B o Ryei-) @
dt - - SB1 Sp1
It can be seen from (6), when the control response time of the UHVDC system is
neglected, the inertia constant increases by 0.5 k4 /Sg; and the system damping increases
by kp/Sp1. Frequency coordinated control provides support for the system frequency from
both the inertia and damping.

+
PdCerfO <—Pf kp+de <
])sctJ
Aw,=0 1 ¥ 1 1+ Fp Tow 1S - Aaﬁ*
Ry, |+ 47, s || (4T )14T 2Hs+D g
+ SG_1 + g, (I+ Ty 1)+ Ty 15) ! !

Figure 4. Simplified frequency response model of UHVDC integrated system.

Combined with the FR principle of SG, the system frequency dynamic equation is:

kd dwi‘ __ p* * Pdcfrefo kP *
(2H1 + gb) gt =Py — (P + =& ) — (D1 + g5 ) (wf = 1) @)
pr . —(pr. . _ Awj 1 1+Fgp 1 TR 15
m_1 = \"set.1  Rsgi ) T+Tg 15 (1+Tcn 15)(1+Tru 15)

where Pyt 1* is the load reference power; Rgg 1 is the equivalent droop coefficient of the
sending-end system; Tcy 1, TRy 1 and Fyp 1 are the time constants of the reheat steam
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turbine main inlet volume and gas chamber, the time constant of the reheater and the
power of the high-pressure stage, respectively.

It is assumed that the system frequency is in the rated state before the load disturbance.
The RoCoF reaches the maximum value at the initial stage of the load disturbance, while
the system frequency has not yet had time to change, i.e., Aw;* =0, and Py, 1* remains
unchanged. Assuming that the change of the non-frequency-sensitive load is AP, 1*, the
maximum value of the RoCoF can be obtained from (7) as:

R AP; g
=0 ™ B K /5 “
where APy 1* = P1_1* — Prg 1% Pro 17 is the initial value of the system load.
The initial value of auxiliary power for frequency coordinated control is:
AP}
P = 9
fleo = =28, 7kg + 1/5m ©)

After the primary FR process is finished, the speed control system of SG reaches steady
state. At this time, based on (7), the system frequency deviation in steady state can be

obtained as: .
Aw’ = _APL_l
w1 = 3 (10)
+ D + %

_1
Rsg 1

2.3. Parameter Calculating Method of Frequency Coordinated Control

Frequency coordinated control is introduced with the expectation that the UHVDC
system can participate in FR in a manner similar to a traditional SG. Therefore, this section
will give the calculating method of parameters for frequency coordinated control by analogy
with the inertia response and primary FR principle of traditional SG.

The UHVDC system can quickly regulate its active power output and detect the
RoCoF and frequency deviation in real time. The virtual inertia and droop control are
introduced into the UHVDC system, so that the UHVDC system can regulate the active
power delivered according to the frequency deviation and RoCoF, reducing the frequency
deviation and RoCoF of the sending-end system. Under the same disturbance, the reduction
in RoCoF is equivalent to the increase in the equivalent inertia of the AC system, and
the decrease in steady-state frequency deviation is equivalent to the improvement in
the system’s primary FR capability. Therefore, through frequency coordination control,
UHVDC system can participate in the inertia response and primary FR control of the
sending-end system at the same time.

In frequency coordinated control, Pt can be decomposed into two components, P ,
and Ps 4, which simulate the primary FR characteristics and the inertia response charac-
teristics of traditional SG, respectively. Among them, the frequency droop control of the
auxiliary FR power is:

Pt p = kpAwy (11)

The auxiliary FR power for frequency inertia control is:

(12)

When calculating the parameters, the UHVDC system can be regarded as a virtual
equivalent SG. The SG has the same capacity as the rated capacity of the original UHVDC
system, and its mechanical speed wy;; and system frequency w1 are completely coupled,
i.e., wyir = w1/poe, Wwhere po. is the number of pole pairs of the equivalent SG. The concrete
parameters of the UHVDC system and its equivalent SG are as follows: its rated capacity
is Pyen, its rated speed is wqey; its droop coefficient of equivalent SG is Ry, its rotational
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inertia is Jyjr, its inertia constant is Hyj,; its rated rotating speed is wyim = wn/poe, and its
rated power is Py, and Pyimn = Pyen-

The primary FR capability and inertial response capability of equivalent SG are related
to Ryir and Hy;y, respectively, so the calculating methods of k, and kq are as follows.

2.3.1. Calculating Method of Proportional Coefficient

The UHVDC system is involved in FR by increasing the delivered power when the
system frequency increases, and its power regulation is in the opposite direction of SG,
such that:

P .
P, = 2 Aw? 13
fp Rvir w1 ( )

Combining (11) and (13), and considering Pyirn = Pycn, We can obtain:

Py
kp = =% (14
P Ryir )
It can be seen from (14) that k;, is proportional to the rated capacity Py, and inversely
proportional to the droop coefficient Ryj;.

2.3.2. Calculating Method of Differential Coefficient

When a disturbance occurs in the system, the SG releases the kinetic energy of the
rotor to damp the system frequency change and reduce the system RoCoF.
The rotational kinetic energy of the equivalent SG is:

Ek = I_Ivirpvirnwi<2 (15)

As the UHVDC system participates in FR by increasing the transmission power when
the system frequency increases, its power regulation is in the opposite direction of SG:

*
* dwl

Pffd = ar = 2Hyir Pyirnwy a (16)

Since SG usually operate around the rated speed, there are wj ~ 1, considering
Pyirn = Pgen and dwj /dt = dAw] /dt, yielding:

Pr 4 = 2Hy;i P, M 17
fd— virt'den dr ( )
Combining (12) and (17) yields:

kq = 2Hyir Pyen (18)

From (18), kq is proportional to the inertia constant Hyj;.

Compared with the actual SG, Hy;; is larger than actual SG, as the UHVDC system
exhibits an inertia in the grid determined by the amount of power it delivers. That is, the
UHVDC system can exhibit a much larger equivalent inertia than an equivalent capacity
SG by the proposed method.

2.4. Influencing Factors of Frequency Coordinated Control Performance

The UHVDC system mainly participates in the system FR process by adjusting the
active power transmitted by the UHVDC system. Its FR characteristics and capacity are
not only influenced by the frequency control parameters, but also by the control mode and
operating conditions of the UHVDC system. Therefore, it is necessary to conduct further
analysis.
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2.4.1. Influence of Control Parameters

As shown in Figure 3, with the UHVDC frequency coordinated control, in addition to
kp and kg, the low-pass filter parameters, the dead zone size and the FR auxiliary power
limiting will also affect Py,

When the first-order low pass filter is used, the larger the filter time constant, the
greater the frequency response delay of the UHVDC system. The dead zone size determines
the frequency response range, which needs to be matched and selected according to the
strength of the AC system. In addition, UHVDC participation in the system FR process,
when the FR power is large, will cause large fluctuations in the reactive power of the
converter station, and then cause frequent switching of the AC filter.

2.4.2. Operating Mode and Operating Conditions

The operation mode and working condition of the UHVDC system mainly affect
the on/off enable and FR margin of frequency coordinated control. UHVDC system
operation modes mainly include joint/independent control, bipolar power/unipolar con-
trol, power /unipolar current control, power forward /reverse feed control and full/down
voltage control, etc.

Normally, frequency control in the UHVDC control system is only allowed to be put
in during the joint control mode, power forward transmission and power control mode,
and the input operation is only allowed at the main control station. The UHVDC system
will actively withdraw from frequency control when the UHVDC system exits the power
control mode or joint control is withdrawn due to a station-to-station communication fault.

The UHVDC system’s full-voltage/down-voltage control mode and operating power
level have an impact on the FR, mainly in terms of the FR margin. In the operation process
of the UHVDC system, the range of DC power delivered is (Pyqc min, Pdc_max), Where
Pgc min is the minimum operating power limit of DC and is usually 0.1 p.u., and Pyc max is
the maximum operating power limit. This value is related to the current overload capacity,
and is usually between 1.0 p.u. and 1.3 p.u.

When the sending-end system frequency rises due to large capacity loads going
off-grid, the UHVDC system participates in the system FR by increasing the DC power
transmitted. Its FR margin AP is:

AP INC — b dc_max — b dc_ref0 (19)

When the frequency of the sending-end system drops due to the high-capacity genera-
tor going off-grid, the UHVDC system participates in the system FR by reducing the DC
power transmitted. Its FR margin APpgc is:

AP DEC — P dc_ref0 — P dc_min (20)

3. The Influence of Frequency Control on Interconnected Power Systems via UHVDC

The UHVDC system will bring new power disturbances to the receiving-end system
while participating in the FR, thus affecting the receiving-end system’s frequency index.
Therefore, it is necessary to further analyze the influence of frequency coordination control
on the frequency index. In addition, frequency coordinated control can effectively improve
the frequency response characteristics. Due to the differential link introduced by virtual
inertia control, further analysis of the stability of the whole interconnected power system
via UHVDC is necessary.
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3.1. Impact on Frequency Indicators of The Receiving-End System

Similar to the sending-end system, when the UHVDC system is connected, the dy-
namic equation for the receiving-end system is:

*
dw;

2H
274t

=Phno— P o+ Pi. o — Da(w; — 1) (21)

where wy* is the frequency of the receiving-end system; H, and D; are the inertia constant
and damping coefficient of the receiving-end system, respectively; Py, »* and Py, _»* are the
mechanical power and load power of the receiving-end system, respectively; Py »* is the
per unit value of Py in the receiving-end system; and Py, »* = Pq./SB2, Sp2 is the basic
power of receiving-end system.

To simplify the analysis, (21) ignores the power losses in the UHVDC system. When
the frequency of sending-end system changes, the power change of the receiving-end
system due to UHVDC system is:

dAwj
dt

APy = kpACUik + kg (22)

At the initial time when the sending-end system is disturbed, the frequency of the
sending-end system and the receiving-end system have not changed in time, i.e., Aw1* =0,
Awy* =0, Py, 1* and Py, »* remain unchanged. At this point, combining (18), (21) and (22),
we have:

RZ‘t:o _ HvirPdcn ~ Ek_dc (23)
Rili—y  Hs2SB2 Ex »

From (23), the ratio of RoCoF of the receiving-end system to sending-end system is
approximately equal to the ratio of equivalent rotational kinetic energy of the UHVDC
system to the receiving-end system at the initial moment when the sending-end system is
disturbed.

According to (14), (21) and (22), after the primary FR of the sending-end system is
finished, the ratio of steady-state frequency deviation of each system due to the change of

DC power is:
1
AWE — Rvir Pan (24)
Awy L+ D, Sp2

RsG2

where Rsg » is the droop coefficient of the receiving-end system.

3.2. Impact on the Stability of Interconnected Power Systems

If the primary FR control of the sending-end system is not considered, and only the
FR control of the UHVDC system is considered, the transfer function block diagram of
the system is shown in Figure 5. The UHVDC system adopts the second-order equivalent
model with damping ratio ¢ = 0.59 and natural frequency wg = 17.

Aw, =0 k +kys o, 1 )
- — >
* S s*+25ms+ @) [ | 2Hs+ D,

A4

Figure 5. Diagram of UHVDC integrated system.
Based on Figure 5, the system closed-loop characteristic equation can be obtained as:

kp + kg4s w3 1

1+ =
Sp1 s%+ 2¢wps + w3 2H1s + Dy

0 (25)
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From (25), we can obtain:
k w?
1+ 2 ! =0 26
+ S1 aps3 + bps? + cps + dp (26)
k 2
d o 0 27)

57]31 ads?’ + bd52 +cgs + dd -
where:
llp = 2H1
bp = D1 +4Hgwg
cp = 2[(Hy + 0.5kq/Sp1)wo + D1glwo
dp = Dlw%

aq = 2H1

bd = D1 +4H1QCUO

cq = 2(Hywo + D1g)wo
dq = (D] +kp/531)w%

As shown in Figure 6, based on (26) and (27), root trajectories with kp, /Sp1 and kq/Sp1
as variables can be obtained, respectively, where the system is in critical steady state when
kp/Sg1 is 213. Combined with (14), the maximum value of 1/Ry;; can exceed 213, which
shows that the droop coefficient to keep the system stable takes a wide range of values. As
shown in Figure 6b, the value of k4 hardly affects the system stability.

In (25), the other parameters are kept constant, and when kg4 = 0 (equivalent to no
inertia control introduced), the system is in critical steady state when kp, /Sg; is 142 in the
root trajectory with kp/Sp; as the variable. As can be seen, the introduction of inertia
control increases the range of values of k, to some extent. The introduction of inertia
control in (25) is equivalent to the introduction of an open-loop zero point, which further
improves the system stability.

When both the primary FR and the UHVDC system frequency control are considered,
the interconnected power system in Figure 3 can be further simplified to avoid root trajec-
tory analysis of higher order systems. As shown in Figure 7, firstly, since the ratio of the
poles’ real part in (2) to Dy /2H; is close to 50, the power control dynamics of the UHVDC
system are ignored, i.e., D(s) = 1. Furthermore, considering that both T 1 and Tcy 1 are
much smaller than Try 1, (1 + sTg_1)(1 +sTcy_1) is simplified to 1 + (TG 1 + Tcy _1)s.

%0 40
601
2z 407 g 20 |
8 200 -
2 S
£ 0 ) 1 8° R
an
£ 20 E
-40r 200 4
-60¢
_8 L L L L 1 L _40 ! 1 1 1 1 1
-100 80 60 -40 20 0 20 40 ‘b 10 8 6 4 -2 0 2
Real axis .
Real axis
(a) (b)

Figure 6. System root trajectory diagram. (a) k,/Sp; as the variable (Hyi, = 3.5 s); (b) kq/Sp1 as the variable (Ry;, = 0.04).
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kp + ks )
SB1
Aa)r*ef =0 1+FHP ITH 1S 1 Aa)l
+ R [T+ (T + Ty )S1A+ Ty 15) 2H1S -|-D1

Figure 7. Block diagram of interconnected power system via UHVDC.

According to Figure 7, the closed-loop characteristic equation for the interconnected
power system via UHVDC can be obtained as:

1
141 1+ Fp_1Tru 18 M5 D 0 28)
R 1 T T 1+ T, 1 kptkas T
sG1 [1+ (Tea + Tena)s| (1 + RH_lS)l_._mpsT

It can be transformed from (28) to obtain:

k bn1s% +cnis +d

1+ p 3N1 2Nl N1 -0 (29)
SBl ap1s +bD15 +CDlS+le
kq aN253 + bN232 + cn2S (30)

Tmapzs3 + bD282 —+ Cp2S + dDZZ

where:

byt = TRH_l(TCH_l + TG_l)

cn1 = Tru1 + Tena + Tea

ap1 = Tra_1(Tcu_1 + Tg_1) (2Hy + k4 /Sp1)

bpr = (2H1 +ka/Se1 + DTre 1) (Tena + To1) + (2H1 + ka/ Sp1) Tre_1
cp1 = 2Hi +ka/Sp1 + (Ter 1 + To1 + Tri 1) Dst + 1 ;ZRF :

dp1 = D1+ 1/RSG_1

an2 = Tru 1(Ten 1+ TG 1)
bn2 = Tena + Toa + Trua
N2 =1
ap2 = 2H1Try_1(Tcn 1 + T 1)
bpa = [Tru_1(D1 4 kp/Sg1) +2H1] (Ten 1 + Tg1) + 2H1 TR 1
cp2 = (D1 +kp/Sp1) (Ter 1 + Toa + Tre1) +2H; + HII’{;GTIiH !
dpy = D1 +kp/Sp1 +1/Rsc 1
As shown in Figure 8, based on (29) and (30), root trajectories with kp, /Sg1 and kq/Sp1

as variables can be obtained, respectively. Reasonable values of k;, and k4 hardly affect the
stability of the system, obviously.
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Figure 8. System root locus. (a) kp/Sp; as the variable (Hy;, = 3.5 s); (b) kq/Sp1 as the variable (Ry;, = 0.04).

From the point of view of system stability performance, k, and kq have a wide range
of values after the introduction of frequency coordination control, so k, and kg in frequency
coordinated control are mainly determined by the demands of the sending-end system and
the affordability of the receiving-end system.

4. Experimental Validation
4.1. The Experimental Platform

To verify the effectiveness of the proposed coordinated control, we outline an analysis
method and control calculating method of parameters. An experimental verification is
carried out based on the RTDS closed-loop real-time simulation system containing the
actual UHVDC control protection system and the RTDS real-time simulator. The structure
of the experimental platform is shown in Figure 9a, containing the UHVDC model and
the equivalent grid model. The UHVDC control and protection system (see Figure 9b) are
identical to the Lingshao £800 kV UHVDC engineering control and protection system
structure, where PCP, PPR, CCP and CPR are pole control, pole protection, converter control
and converter protection hosts, respectively. The control and protection host program are
obtained by modifying some interface contents based on the actual engineering program.

The principal structure of the experimental system is shown in Figure 10. The sending-
end system is equated with the equivalent SG power supply containing the speed regulation
of the turbine generator, and its speed regulation principle is shown in Figure 3, where
RSGJ = 0.05, H1 =35s, D1 =0, TGJ =02s, TCHJ =03s, TRHJ =70s, FHPJ =0.3.
All parameters of FR in the receiving-end system are the same as in the sending-end
system. In addition, the renewable energy generation system is equated with a constant
power source to maintain the same maximum power tracking control characteristics as the
currently operating renewable energy field station. In the experiments, the UHVDC system
is tested and verified based on pole 1, which has the rated power of 4000 MW and the rated
DC voltage of 800 kV. The UHVDC system has steady-state power Py, of 2000 MW, the
renewable energy generation power is 2000 MW and the load active Py is 2000 MW.
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(b)

Figure 9. RTDS closed-loop real-time simulation system. (a) Principles of closed-loop real-time simulation system;
(b) UHVDC control and protection system.

DC 800kV

AC 765kV AC 510kV
Sending-End Receiving-End
System @— System
Pdc
—  »

P = =

Figure 10. Principle structure of experiment system.

4.2. Analysis of Experimental Results
4.2.1. Comparison of the System Response Characteristics under Different Strategies

To analyze the effects of different controls, four typical control strategies are selected
in the experiment.

Casel: neither droop control nor inertia control is engaged.

Case2: inertia control only.

Case3: frequency droop control only.

Case4: using frequency coordinated control.

The experimental results under sudden increase and decrease in load at 800 MW
operating conditions are shown in Figures 11 and 12, respectively. f; and f;, are the
frequencies of the sending-end system and receiving-end system, respectively. RoCoF_1
and RoCoF_2 are the RoCoF of the sending-end and receiving-end system, respectively. P4,
is the actual power transmitted by the UHVDC. The minimum/maximum value, steady-
state values, and their relative improvement values of system frequency in two cases are
shown in Tables 2 and 3, respectively.
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Figure 11. System frequency under different control modes (sudden load increase). (a) The frequencies of the sending-end
system; (b) the RoCoF of the sending-end system; (c) the actual power transmitted by the UHVDC; (d) the frequencies of
the receiving-end system; (e) the RoCoF of the receiving-end system.

Table 2. Results under different frequency control modes (sudden increase in load).

Projects Casel Case2 Case3 Case4
fmin_1 49.25 Hz 49.34 Hz 49.57 Hz 49.64 Hz
Af min 1 0 Hz 0.09 Hz 0.32 Hz 0.39 Hz
Rinax_abs. 1 0.58 Hz-s~1 0.47 Hz-s~1 0.48 Hz-s™1 0.42 Hz-s™!
fsteady 1 49.74 Hz 49.74 Hz 49.84 Hz 49.84 Hz
Mfsteady 1 0 Hz 0 Hz 0.10 Hz 0.10 Hz
fmin 2 50.00 Hz 49.93 Hz 49.74 Hz 49.76 Hz
fsteady 2 50.00 Hz 50.00 Hz 49.95 Hz 49.95 Hz

Note: fmin 1 represents the frequency nadir; Af min 1 represents the improved value of frequency nadir; Ryax_abs_1
represents the absolute value of the maximum RoCoF; fgieady_1 represents the steady-state frequency; Afteady_1
represents the improved value of steady-state frequency in the sending-end system; fin_» represents the frequency
nadir, feady_» represents the steady-state frequency of the receiving-end system.
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Table 3. Results under different frequency control modes (sudden decrease in load).
Projects Casel Case2 Case3 Case4
fmax_1 50.74 Hz 50.63 Hz 50.41 Hz 50.33 Hz
Af max 1 0 Hz 0.11 Hz 0.33 Hz 0.41 Hz
Runax_abs. 1 0.58 Hz-s~! 0.48 Hz-s~! 0.49 Hz-s~! 043 Hz-s™!
fsteady._ 1 50.25 Hz 50.25 Hz 50.16 Hz 50.16 Hz
M steady 1 0Hz 0 Hz 0.09 Hz 0.09 Hz
fmax 2 50.00 Hz 50.06 Hz 50.25 Hz 50.22 Hz
fsteady_2 50.00 Hz 50.00 Hz 50.04 Hz 50.04 Hz

Note: fmax_1 represents the maximum frequency; Af max 1 represents the improved maximum frequency; fsteady._1
represents the steady-state frequency; Afieady_1 Tepresents the improved steady-state frequency in the sending-
end system; fmax 2 represents the maximum frequency; feady 2 represents the steady-state frequency of the

receiving-end system.
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0 0 6 10 12
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Figure 12. System frequency under different control modes (sudden load decrease). (a) the frequencies of the sending-end
system; (b) the RoCoF of the sending-end system; (c) the actual power transmitted by the UHVDC; (d) the frequencies of
the receiving-end system; (e) the RoCoF of the receiving-end system.

In frequency coordinated control, Ryi; = 0.04 and Hy;, = 3.5 s. The droop control dead
zone €1 = 50 MW, inertia control dead zone &; = 50 MW, droop control low-pass filter time
constant T7 = 0.5 s, and inertia control low-pass filter time constant T, = 0.4 s.
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The comparison results show that when both droop and inertia control are not used
(Casel), the UHVDC system does not respond to the frequency change and the transmission
power remains unchanged. At this time, the frequency response characteristics of the
sending-end system are the worst. When inertia control is adopted (Case2), the maximum
frequency deviation of sending-end system frequency is improved, but the steady-state
frequency value of the system is not improved. With frequency coordinated control (Case4),
the absolute value of the maximum RoCoF and maximum frequency deviation of the
sending-end system greatly improved, which are 0.16 Hz-s~! and 0.39 Hz for sudden load
increases and 0.15 Hz-s~! and 0.41 Hz for sudden load decreases, respectively. Compared
to the droop control only (Case3), the coordinated frequency control not only reduces the
RoCoF of the sending-end system and wins time for the traditional SG regulation, but also
reduces the maximum frequency deviation of the sending-end system and the regulation
of the DC power, thus equivalently increasing the regulation capability and range of the FR
control. For the receiving-end system, the RoCoF and the maximum frequency deviation
are also reduced in Case4 due to the reduction in the DC power regulation amplitude by
the frequency coordination control compared to Case3.

4.2.2. Analysis of the Influence of Control Parameters on the System Frequency

The system frequency response characteristics were compared under frequency coor-
dinated control with a sudden load increase of 800 MW, under different Ry;., Hyir, €1 and
gy conditions, respectively. The influence principle of control parameters on the system
frequency response characteristics is analyzed. For the comparison analysis, the default
Ryir = 0.04, Hyir = 3.5, &1 =50 MW and ¢, = 50 MW, the droop control low-pass filter time
constant is T1 = 0.5 s and the inertia control low-pass filter time constant is T, = 0.4 s.

Figure 13 shows the comparison of the frequency response characteristics when
Ryir is 0.08, 0.06, 0.04 and 0.02, respectively. Table 4 shows the comparison between the
experimental results and the theoretical calculation of the frequency steady-state value. It
can be seen from Figure 13 that, when other parameters are kept constant, as Ry;, decreases,
the frequency nadir and steady-state value of the sending-end system are constantly
increasing, and the frequency recovery speed is also constantly improving, while the
frequency nadir and steady-state values of the receiving-end system decrease and the
frequency recovery speed decreases. It can be seen from Table 4 that the experimental
results of the sending-end system are almost the same as the theoretical calculation, and
the experimental results are basically the same as the theoretical calculation results for the
ratio of the steady-state frequency deviation of the power system. Therefore, the frequency
droop control of the UHVDC system can effectively simulate the system frequency primary
frequency control, and the physical meaning of droop coefficient of the UHVDC system is
the same as that of SG.

Table 4. Calculated and simulation results under different control modes (load increase).

Drooping Coefficients Ry;,

Projects
0.08 0.06 0.04 0.02

[steady _cal_1 49.81 Hz 49.82 Hz 49.84 Hz 49.89 Hz
fsteady_sim_1 49.80 Hz 49.81 Hz 49.84 Hz 49.88 Hz
relative error 0.02% 0.02% 0% 0.02%
[ steady_sim_2 49.97 Hz 49.96 Hz 49.95 Hz 49.93 Hz

Keal 0.156 0.208 0.313 0.625

Ksim 0.150 0.210 0.313 0.583
relative error 4.00% 1.05% 0.0% 6.67%

Note: fsteady_cal_1 represents the calculated result of the steady-state frequency in the sending-end system;
fsteady_sim_1 Tepresents experimental result of the steady-state frequency in the sending-end system; fsieady_sim_2
represents the steady-state frequency in the receiving-end system. K, is calculated from (24), Ksim = (fn —
fsteady_sim,Z)/(/[n - fsteady_sim,1)~
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Figure 13. Response with different droop coefficients. (a) The frequencies of the sending-end system; (b) the RoCoF of
the sending-end system; (c) the actual power transmitted by the UHVDC; (d) the frequencies of the receiving-end system;
(e) the RoCoF of the receiving-end system.

In Figure 14 are shown the comparative results of system frequency response char-
acteristics with Hy;, 0f 2.55,3.55, 4.5 s and 5.5 s, respectively. Figure 14 shows that when
other parameters are kept constant, as Hy;, continues to increase, the decreasing rate of the
sending-end system frequency decreases, the frequency nadir of the sending-end system
increases, and the time to reach the minimum value of the frequency increases. Therefore,
the inertia control of the UHVDC system can effectively increase the equivalent inertia of
the sending-end system, and the physical meaning of the inertia constant of the UHVDC
system is the same as that of SG.

Figure 15 is a comparison of system frequency response characteristics when the dead
zone ¢; of droop control in frequency coordinated control is 100 MW, 75 MW, 50 MW and
25 MW, respectively. The minimum and steady-state values of the sending-end system

frequency increase as €1 decreases while other parameters remain constant.
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Figure 14. Response characteristics with different inertia constant. (a) The frequencies of the sending-end system; (b) the

RoCoF of the sending-end system; (c) the actual power transmitted by the UHVDC; (d) the frequencies of the receiving-end

system; (e) the RoCoF of the receiving-end system.
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Figure 15. Response characteristics with droop control dead zone changes. (a) The frequencies of the sending-end system;
(b) the actual power transmitted by the UHVDC.

The system frequency response characteristics comparison results when the dead
zone g is 100 MW, 75 MW, 50 MW and 25 MW, respectively, are shown in Figure 16. As
shown in Figure 16, when the other parameters remain unchanged, with the decrease in
g, the falling rate of the sending-end system frequency decreases and the frequency nadir
increases.
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Figure 16. Response characteristics when inertia control dead zone changes. (a) The frequencies of the sending-end system;
(b) the actual power transmitted by the UHVDC.

4.2.3. The Influence of UHVDC Operating Power on System Frequency

Figure 17 shows the frequency response characteristics of the UHVDC system under
different operating power conditions for a sudden increase in system load of 800 MW
with the control parameters held constant. When the DC operating power is close to the
minimum power operating point of 400 MW, the DC participation in FR is limited by the
minimum power value, resulting in the actual FR power of the UHVDC system being
smaller than the frequency controller output value, thus limiting the FR capability of the
UHVDC system.
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Figure 17. Response characteristics with different DC power. (a) The frequencies of the sending-end system; (b) the actual
power transmitted by the UHVDC.

5. Conclusions

In this paper, a coordinated frequency control for UHVDC participating in system FR
is presented. The response characteristics of frequency coordinated control are analyzed.
The effectiveness of the proposed control method, parameter calculating method and
analysis method are verified.

Compared to traditional frequency control of UHVDC (e.g., AFC), the proposed
control strategy can participate in both the inertial response of the sending-end system and
the primary FR process. The proposed control strategy shares the FR pressure of traditional
SGs mainly by changing the active power delivered by the UHVDC. Its FR effect is mainly
reflected in the increased inertia and damping of the system.

The essence of UHVDC participating in FR is to let the receiving power grid provide
frequency support for the sending power grid. Therefore, compared with the traditional
renewable energy power generation system participating in system FR, the regulating
ability of UHVDC participating in system FR is mainly determined by the strength of the
receiving-end system and the UHVDC frequency modulation margin, which can provide
considerable FR power without increasing energy storage and other equipment; therefore,
it has good economy.
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In frequency coordinated control, the droop coefficient and droop control dead zone
mainly affect the maximum frequency deviation of the system frequency and the primary
FR steady state value, the inertia constant and inertia control dead zone mainly affect the
RoCoF and maximum frequency deviation, and the operating mode and power of the
UHVDC system mainly affect the switching enable and FR margin of frequency coordinated
control.

UHVDC participates in the FR of the sending-end system through frequency co-
ordination control. The maximum RoCoF and steady-state frequency deviation of the
receiving-end system are mainly determined by the ratio of the rated capacity of UHVDC
system to the receiving-end system. The smaller the ratio, the smaller the influence on
receiving-end system frequency.
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Nomenclature

Dy Damping coefficient of the sending-end system

f Real-time frequency (Hz)

fn Rating frequency (Hz)

Sfrmin_1 Frequency nadir in the sending- end system (Hz)

fmax1 Maximum frequency in the sending- end system (Hz)

Af min_1 Improved value of frequency nadir in the sending- end system (Hz)
Af max_1 Improved maximum frequency in the sending- end system (Hz)
fsteady_1 Steady-state frequency in the sending- end system (Hz)

fsteady_cal1  Calculated result of the feady 1 in the sending-end system (Hz)

fsteady_sim_1  Experimental result of the fgieaqy 1 in the sending-end system (Hz)

Af steady_1 Improved value of steady-state frequency in the sending-end system (Hz)
fsteady_cal1  Calculated result of the steady-state frequency in the sending-end system (Hz)
fsteady_sim_1 ~ Experimental result of the steady-state frequency in the sending-end system (Hz)

fmin 2 Frequency nadir in the receiving-end system (Hz)
fmax_2 Maximum frequency in the receiving-end system (Hz)
steady 2 Steady-state frequency in the receiving-end system (Hz)
f steady_sim_2  Experimental result of the steady-state frequency in the receiving-end system (Hz)
Hy Inertia constant coefficient of the sending-end system (s)
Frp 1 Power of the high-pressure stage (p.u.)

Fy Regulation dead zone value (p.u.)

Hyir Inertial coefficient of equivalent SG (s)

kp Proportional parameters for frequency control

kq Derivative parameters for frequency control

Py Auxiliary frequency regulation power (Watt)

Pyc Actual active power of the UHVDC system (Watt)
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P4en Rated capacity of the UHVDC system (Watt)

P4c refo  Power reference value provided by the manual control (Watt)
Pic min  Minimum operating power limit of the UHVDC system (Watt)
P4c max Maximum operating power limit of the UHVDC system (Watt)

Py 1* Mechanical power in the sending-end system (p.u.)

Pr 17 System load power in the sending-end system (p.u.)
Pyc 1* Per unit value of P4, in the sending-end system (p.u.)
P o* Mechanical power in the receiving-end system (p.u.)
P, »* Load power of the receiving-end system (p.u.)

Pgc 2* Per unit value of Py, in the receiving-end system (p.u.)
Pyirn Rated active power of the virtual equivalent SG (Watt)

Pget 1* Load reference power (p.u.)
APy 1*  Non-frequency-sensitive load (p.u.)
Pro 1* Initial value of the system load (p.u.)

Pt p Auxiliary FR power for primary frequency regulation (Watt)
Pt 4 Auxiliary FR power for frequency inertia control (Watt)

Poe Number of pole pairs

RsG 1 Equivalent droop coefficient of the sending-end system

Ryir Droop coefficient of equivalent SG

Sp1 Basic power of sending-end system (Watt)

Sp2 Basic power of receiving-end system (Watt)

Ty Input enable signal

TcH 1 Time constant of the reheat steam turbine main inlet volume and gas chamber (s)
TRH 1 Time constant of the reheater (s)

w Angular frequency (rad/s)

Wn Rated angular frequency (rad/s)

wo Natural frequency

w1* Frequency of the sending-end system (p.u.)

Wyir Mechanical speed (rad/s)

Aw* Per unit value of system frequency deviation (p.u.)

Awes*  Reference value of the system frequency deviation (p.u.)

€1, & Dead zone value

g Second-order system damping ratio

p-u. per-unit value

per-unit value (superscript)
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