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Abstract: The scarcity of inertial resources in the new AC-DC hybrid grids makes the grid frequency
prone to fluctuation. In this paper, the relationship between the grid-side and load-side characteristics
of the power router is constructed. By adjusting the port load parameters, the load power can respond
quickly to the fluctuation of the grid frequency, thereby realizing rapid support of the grid frequency.
Firstly, two kinds of mathematical models for sensitivity identification of load characteristics, variable
voltage and variable frequency, are established to calculate the characteristic parameters of a multi-
port load. The allocation rules of port power and allocation coefficients are designed according to
the parameters. A frequency modulation control method that matches the load response capability
of the multi-port router is proposed. Then, taking into consideration the uncertainty of load group
characteristics and power, a variable coefficient frequency modulation control strategy for a multi-
port power router that can adapt to the adjustable margin of loads is proposed. The proposed model
is built based on a Simulink platform for validation. The simulation results show that the proposed
frequency modulation strategy can be added, and the frequency modulation performance of the
power grid is further improved compared to the situation without this method. The frequency
is suppressed to 49.93 HZ. It is verified that this method can make the controllable load respond
sensitively and effectively to grid disturbance.

Keywords: hybrid grid; controllable load; characteristic identification; fast frequency modulation;
variable coefficient control; local control

1. Introduction

With the continuous improvement of new energy penetration rate in power systems,
the proportion of traditional generating units gradually decreases and the inertia resources
in the power grid become increasingly scarce. In the new AC-DC interconnected power
grids, due to the increase in resource types for frequency modulation, the distribution
of resources is becoming more dispersed, resulting in the weakening of spatiotemporal
coupling of the overall grid frequency. At the same time, the uncertainty and time variability
brought by the new energy sources gradually worsen, which essentially leads to the decline
of overall inertial support and the anti-interference abilities of the power grid. Owing to
these reasons, the frequency stability of these power systems also face severe challenges [1].

At present, the “source grid load” system has changed from having the traditional
single supply-and-demand relationship to having more advanced multi-energy coordina-
tion and interaction forms. The means of control and frequency modulation of the grid are
also more diverse. The feasibility of smart grid construction based on a controllable power
router has been researched [2]. It has been shown that a power router can connect the AC
and DC systems, integrate the new energy into grid, and realize efficient power flow man-
agement and frequency modulation control. Meanwhile, existing papers have performed a
lot of research on frequency modulation methods for different resources in power systems,
for example: traditional generator frequency modulation control at the source end and
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droop control frequency modulation mode of distributed power generation [3-5], as well
as energy storage technology that can be controlled at the “source grid load” end [6,7]. A
self-frequency recovery control method using an interval type-2 fuzzy integrator controller
has also been proposed [8]. More specifically, a central controller and a local controller
were set in the paper; the local controller directly implemented frequency regulation of
the distributed power supply. A centralized frequency control method has been adopted
and a grid inverter control strategy using a virtual synchronous machine was proposed
in [9]. The above articles researched different frequency-regulation objects. For energy
storage equipment, on one hand, there is a shortage of capacity for participating in grid
frequency modulation. On the other hand, large-scale energy storage has a high cost. It is
difficult to achieve a satisfactory frequency modulation effect. Moreover, these frequency
modulation methods all require large-scale communication as the premise, and there is still
the problem of response lag. There is a lack of means and measures to respond quickly to
frequency regulation in response to the random fluctuations caused by new energy and
other factors [10]. Therefore, new frequency modulation methods are urgently needed to
meet the system’s need for suppressing frequency disturbances.

As an important carrier of demand-side response, power load has great potential for
regulation and control [11]. Likewise, many studies have been reported on load aggregation
management, forecast planning and operation optimization, and so on [12-14]. However, in
terms of frequency regulation, due to the wide variety of loads, complex characteristics, and
difficult management and control [15], accurately modeling and controlling the load so that
it can quickly participate in power grid frequency regulation is still a problem that needs to
be studied in depth [16]. The precondition for controlling the autonomous response of loads
to grid frequencies is to obtain the load status and basic characteristic parameters. The load
sensitivity identification method can obtain a characteristic model of the load by sampling
some parameters of the actual load. A sensitivity identification method for an intelligent
transformer has been proposed [17]. This method can realize real-time measurement and
does not affect power quality. This research only studies the theoretical method of load
identification, and does not further study the applicable scenarios.

In terms of the control and optimization of the load participation frequency, the litera-
ture [18] uses the given load variation, and by combining it with the generator operating
characteristics, it judges the load sensitivity and performs load-shedding control when the
power grid is at low frequency. An adaptive load frequency control method is proposed
in [19]. This method takes into account nonlinear factors such as frequency threshold and
time delay and applies a new continuous low-frequency load shedding scheme according
to traditional method. A strategy of under-frequency load shedding involving UHVDC is
proposed in [20]. The frequency regulation characteristics of new energy after grid connec-
tion is analyzed, and the frequency response model is established. Although identification
technology is applied to the frequency modulation method in [18], the frequency modu-
lation method of load shedding can easily cause a certain impact on the power grid [21].
Moreover, the above methods only study specific scenarios, such as the load control when
the grid frequency is reduced, and do not give a complete solution to a sudden increase in
grid frequency. Reference [22] utilizes intelligent load technology for primary frequency
regulation and proposes an improved optimal load control method. However, this method
needs to solve the parameter calculation in scheduling and the response speed is slow,
which makes it difficult to meet real-time needs. In [23], the optimal frequency scheme
of grid load considering constant delay and time-varying delay is studied and designed
for the time-delay problem caused by communication. A frequency regulation controller
based on an intelligent transformer is presented in [24]. The controller adjusts the load
power by controlling the load terminal voltage in order to realize a real-time response to
grid frequency changes. However, this research only considers the voltage parameters, and
the load frequency modulation mean is single. A control algorithm using virtual inertia
technology to effectively suppress the frequency oscillation of the system is proposed when
the load changes by controlling the charging of electric vehicles in [25]. In [26], a two-level
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control model of cluster temperature control load is proposed. The upper layer coordinates
the response of multiple aggregators using centralized control commands, and the lower
layer implements distributed control of air-conditioning clusters.

In conclusion, optimal control of traditional primary frequency modulation as well
as medium and long time scales have been researched in some literature. However, these
frequency modulation methods do not solve the problems caused by weak inertia in the
new power grids; their inherent frequency modulation characteristics lead to response
delays, and the response time reaches more than second level. Some studies have conducted
discussions on frequency modulation control for systems with centralized and distributed
structures. However, no matter what kind of structure it is, the upper-layer system needs
to issue instructions uniformly to implement control, and there will inevitably be a lot of
communication in the system. There are also some works on the frequency modulation of
specific types of loads, but the frequency modulation methods are single and the frequency
modulation potential of the large amount of load in the power grid is not tapped and used.
Moreover, these studies overlook problems such as load response lag, so the frequency
modulation effect has great limitations. The new power systems have higher requirements
for fast and stable frequency modulation. With the lack of grid inertia and the increased
uncertainty and randomness of disturbances, the frequency problem caused by grid shocks
becomes more and more serious. The response delay caused by the large amount of
communication and other factors, as well as the lack of frequency modulation means, make
it difficult for the above frequency modulation method to support the frequency of a power
grid quickly and effectively.

Aiming at the above problems, a local frequency control method based on a multi-port
load characteristic identification of a power router is proposed. This method does not need
a large amount of centralized communication, and by embedding the frequency regulation
control method into the local controller, an autonomous response to port load can be
realized so as to support the frequency of the power grid quickly and effectively, which
alleviates the problem of the lack of grid inertia and fully improves the load utilization rate
and gives play to frequency modulation potential.

1. Firstly, obtaining the real-time status of the load lays the foundation for fast frequency
control. The mathematical sensitivity models of the two types of load characteristics
are established, and the characteristic parameters of the multi-port load are calculated
according to the identification results. This parameter can effectively evaluate the
adjustment capability of the port load and serve as the basis for port power allocation.
On this basis, the characteristics of multi-port load groups are divided into variable
voltage and variable frequency, which can control their orderly participation in grid
frequency modulation.

2. Then, the frequency regulation characteristics of the controllable load that can respond
to the frequency demand of the grid are established, and a fast frequency regulation
control method for multi-port loads is proposed. By detecting the frequency feedback
at the grid end, autonomous controllable load frequency modulation response can
be achieved. This method can be flexibly applied to the AC and DC ports of power
routers. The variable voltage and variable frequency control corresponding to load
characteristics is implemented for different port load groups.

3. A variable-parameter frequency regulation control strategy that can adapt to the load
state is proposed. This strategy takes into account the uncertainty of load groups’
power between cycles, divides the load response frequency interval, and makes full
use of the adjustable load allowance. Smooth frequency modulation is realized on an
adjustable frequency segment. This strategy can realize rapid frequency modulation
of the controllable load to the power grid at the initial disturbance stage, obtain the
response time for other frequency modulation means such as new energy frequency
modulation and primary frequency modulation, and improve the overall frequency
modulation capability of the power grid. Finally, a controllable load frequency modu-
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lation control model based on the Simulink platform is built and used for verifying
the effectiveness of the proposed method.

2. Basic Architecture and Scheme of Multi-Port Load Frequency Modulation

A power router has the characteristics of strong flexibility and controllability, and can
provide topology ports with different functions according to need. It is widely applied
in the new power systems. Moreover, its power load is large in size and rich in resource
potential. Without affecting the normal power supply, if the fast fine-tuning of the voltage
and frequency of the load group is implemented through the port control of the power
router so that load power can follow the change in grid frequency in real time, the fre-
quency disturbance can be effectively suppressed and the frequency problem caused by
the insufficient inertia of new power systems can be solved.

2.1. Load Control Topology of The Multi-Port Power Router

The proposed multi-port controllable load frequency modulation control strategy
takes the power router as its basic structure. The basic structure of a power router has at
least the following types of ports: AC grid-connected port, AC load port with variable
voltage and variable frequency control, and DC load port. The basic topology of a power
router is shown in Figure 1.

________________________________________________________________________

A

-

Voltage | \_J_i Controllable load Uik
stabilization control frequency control

Figure 1. Schematic diagram of multi-port power router topological structure.

In Figure 1, L is the net-side filter inductance; Ly, L3, Cp, and C3 are the AC output
port filter inductances and capacitances, respectively; Ly and C4 are the filter inductance
and capacitance of the DC load port, respectively; Cy,s is the DC bus capacitance; Uy, is
the command value of the DC bus voltage; Ry, Rjt, and Ryq. are the AC voltage-sensitive
load, frequency-sensitive load, and DC variable voltage load, respectively.

In Figure 1, an AC/DC grid-connected port is used to connect to the power grid;
the main function of the rectifier and voltage regulator control is to stabilize the DC bus
voltage and achieve rapid power transfer. DC/AC and DC/DC output ports are used for
controllable load group access. Each group of load ports has variable voltage and variable
frequency functions. Through the controllable load frequency control method, the load
port power output can respond according to the needs of the grid frequency. When the
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grid frequency changes due to interference, the load port of the power router can adjust
the output power command value according to the frequency modulation characteristic
and further change the voltage amplitude or frequency of the load port. By controlling the
increase or decrease in the load power, the disturbance in the power grid is suppressed,
realizing frequency regulation of the grid terminal and improving the anti-disturbance
performance of the power grid frequency.

2.2. Frequency Control Scheme of the Controllable Load

As shown in Figure 2, the controllable load frequency control scheme mainly consists
of two sections. Firstly, the real-time load state is obtained and characteristic parameters
of the load are calculated. The power router acquires and calculates the load group
information at fixed time intervals. The time interval is represented by T (T = 1,2--- , n),
there are n time intervals in a day, and the granularity of a time interval is 30 s. The
load voltage amplitude and frequency of multiple output ports of the power router are
monitored and collected during the time interval T. The load sensitivity of different ports
is calculated using the collected parameters and the identification method. To fully and
efficiently utilize the frequency regulation potential of the controllable load group, the
frequency modulation capability of the load group needs to be evaluated. In this paper,
the characteristic parameters of the multi-port load are calculated according to the load
sensitivity. According to the characteristic parameters of variable voltage and variable
frequency, the loads of different ports are controlled in a targeted manner.

Ot -

Grid Grid-side Voltage-sensitive loadl
load > Multiport | : Controllable
| power router Froquency-sensitive load group
I load
l |
l v
Load fast frequency Calculation of controllable load
control method characteristic parameters
Local Establis.h load frequepgy Online .Mu.ltip_ort 1(_)ad .
real- Lmodulation iharacterlstlcs calculation LSCnsitivity identification
time - - of interval _
control Construction of multlport T Load characteristic
load control model parameter calculation

v

Port load classification

Load fast frequency
regulation strategy

Figure 2. Frequency control scheme for the controllable load.

On the basis of the identified and calculated load characteristic parameters, a fast
frequency control method is implemented. By embedding the proposed control algorithm
into a local controller, real-time regulation of frequency can be achieved without centralized
communication. Firstly, a frequency-regulation characteristic model of the total load that
can respond to the frequency demand on the grid side is established. Then, the load
power of the multi-port router is allocated in terms of the load characteristic parameters.
In order to ensure that the load port responds to the grid frequency according to the
power command of the frequency regulation characteristic, a multi-port load control model
combined with the load characteristic parameters is established. By matching the control
model and frequency modulation characteristics of the load port, the power router can
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implement the load frequency modulation strategy according to the real-time operation
state of the power grid and respond autonomously to grid changes in order to suppress
frequency disturbances in the power grid.

3. Acquisition of the Controllable Load Characteristic Parameters
3.1. Load Sensitivity Identification Method

Different controllable load groups have their inherent power consumption habits
and power characteristics. In order to realize fast and unified control of load groups so
that the load can compensate for the inertia support power missing from the grid, it is
necessary to accurately obtain the real-time load characteristics such as load power and
adjustable capacity.

The power function mathematical model describing the static load characteristics is

Kpu Kpf
p—pr () <;’T

Ur
where Pr is the rated power of controllable load at T; Ut and fr are the rated voltage and
frequency values to the port load at T, respectively. Kpy and K¢ are the load sensitivity of
active power to voltage and active power to frequency, respectively.
Taking variable voltage load and variable frequency control as the research objects,
and assuming that the system satisfies f = fr at a steady-state time, the mathematical
model of the variable voltage load characteristics can be obtained as follows:

M

u Keu

pP= PT(LTT)

@)

When the controllable load voltage changes by AU, the active power absorbed by the
load will increase by AP. At this time, the load model parameter identification formula can
be obtained as

Ur + AU Keu AU Kpu

P = Pr+ AP = Pr( 0 ) :PT(1+U7T)

®)

Formula (3) can be expanded according to the binomial theorem. Due to AU < Ur,
the formula expansion term of sensitivity index greater than or equal to 2 is far less than Pr.
Therefore, the load characteristic model can be simplified to

AU
where P} . is the load-rated variable voltage power control in period T.
Similarly, when the frequency of controllable load changes by Af, the mathematical
model of load variable frequency characteristics can be written as

(1 +1<puA—f) ®)

_pnf
P =P,
f fr

In, T

where PlJI(l,T is the load-rated variable frequency control power in the period T.

The load characteristics of AC ports and DC ports need to be identified. According to
Formula (3), the sensitivity of the controllable load power to voltage and frequency at the
AC port can be deduced separately as

Ko _ AP/Bay
pu = AU7Ur 6
K AP/p) (6)

Pt = TAf7fr
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The controllable load of the DC port only considers static voltage characteristics, so its
sensitivity model can be given by

Koo — AP/Picr )
pude — Au/udc,r

{ PUdc = Pdc,T(1 + KpudCUATgT)

where Py 1 is the rated power of the DC port load in the period T and Kpyqc is the sensitivity
to frequency of the DC port load active power.

3.2. Calculation of Controllable Load Characteristic Parameters

Controllable loads have the characteristics of time variation and uncertainty. The
identification method of load sensitivity can characterize the characteristics of group con-
trollable loads. On this basis, in order to develop the frequency regulation ability of a
controllable load adequately, it is necessary to obtain the adjustable degree of the port
load. According to the above sensitivity identification results, it can be deduced that the
controllable load adjustment depths of the AC and DC ports are, respectively:

AUmax f Afmax
AP, = Kpu P! 1 ——= + K ¢P 8
acmax putin,T uT + pfin, T fT ()
AUy
APdcmax = chpupdc,T% (9)
dc, T

where AlUmax and A fimax are the maximum adjustable range of voltage and the frequency of
the controllable load under the AC port, respectively, and AUgcmax is the maximum voltage
regulation range of the DC port load.

The participation of controllable loads in frequency regulation cannot affect the normal
life and work needs of users. To ensure the reliability of user power quality at the load end
and the stability of controllable load operation, the constraint boundary condition of the
variable voltage characteristics is set as AUmax = 7%UT in this paper. That is, the adjustable
amount of the load voltage does not exceed 7% of the rated voltage. A constraint boundary
condition is also set on the variable frequency, given as Afj,x = 0.5 Hz. Similarly, the
adjustment parameters of all load ports must satisfy these basic constraint conditions.

The output control of the power router needs to be based on the identification result
of the load. To improve the availability of the load and the effect of frequency regulation
according to the variable frequency and voltage characteristics of the load, the frequency
or voltage control command matching the load end is selected to implement control.
According to the adjustable depth of the AC and DC load, the power value of the output
port can be further allocated reasonably.

4. Control Strategy of Frequency Modulation for Controllable Load
4.1. Frequency Modulation Characteristics of Controllable Load

When the controllable load is in a stable operation state, the output power of the load
port is controlled by reasonably adjusting the load control parameters without affecting its
normal operation. When the DC bus receives a power change from the output port on the
controlled load side, the feedback power results in a change of bus voltage. In this case,
the response of controllable load power to the grid end can be realized through the DC
bus voltage stability control. Therefore, the content of this section mainly establishes the
frequency regulation characteristics for the power router port and designs the load-side con-
trol according to power demand matching the frequency regulation characteristics so as to
establish the connection between the grid and load side and realize the autonomous control-
lable load response to frequency changes in the grid. Before traditional primary frequency
regulation action occurs, the controllable load responds quickly to give the grid inertial
support, thereby realizing local frequency control without centralized communication.
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As the grid disturbance or other factors will cause the grid frequency to fluctuate
slightly, the controllable load frequency-control dead zone is set to consider these fluctu-
ations. On the one hand, it avoids the problem of frequent charging and discharging of
the DC bus caused by small fluctuations; on the other hand, it avoids the problem of an
unstable load state caused by frequent control and power interference on the load side.
The characteristic relationship between controllable load power and grid frequency is
expressed as

Plset:Pln,T |fg_fn| < fd
Plset:Pln,T+Kj(fﬂ_fg) fdg |fg_fn| <fmarl

07 fmarl < ‘fg _fn| < fmar2 (10)
Plsetmax = Ph1,T + Alea\x fg > fmarZ +fn
Plsetmin = Pln,T - Aleax fg < fn - fmar2

where Py, is the total power command value of the load port; Py, 1 is the total rated state
power of load in the period T; and K;(j = 1,2) is the frequency modulation characteristic
coefficient of the total load power frequency characteristic when the j strategy is adopted.
The coefficient is calculated and taken according to the load identification result in the
scenario of each period; fy, is the grid steady-state frequency; f is the actual frequency of the
grid; fmar1 is the boundary frequency of the interval I; fiaro is the boundary frequency of the
interval II; f4 is the frequency modulation dead zone, which is set at 0.02 Hz; and APy is
the maximum adjustable amount of controllable load power, APy ax = APacmax + APdcmax-

The equivalent schematic diagram of frequency modulation characteristics of the
integrated load is shown in Figure 3. The controllable load does not involve modulation
within the grid deadband frequency. The frequency modulation coefficient of the strategy
in interval I is Kj. The frequency modulation coefficient of the interval Il strategy is K. The
established load characteristic model lays the foundation for the control of the port load in
the following sections. The calculation of K; is related to the control strategy, which will
not be repeated here. The specific calculation method and tuning are described later.

Active power
P A

» Grid frequency
Je

Figure 3. Schematic diagram of the integrated frequency modulation characteristic curve of the
controllable load.
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When the grid frequency fluctuates, the controllable load first participates in the
frequency regulation response. Conventional generators also participate in primary fre-
quency modulation.

The frequency modulation model for a grid-side generator that exhibits droop charac-
teristics is given by

PGset:Pn+KG(fn7fg) (11)

where P, is the rated power of the grid-side generator; Pgg is the active power refer-
ence value of the generator; and K¢ is the primary frequency modulation coefficient of
the generator.

4.2. Local Frequency Control Method for Multi-Port Controllable Load

Considering that the load group characteristics of each port are different, the control
of the controllable load should not only respond to the frequency fluctuation of the power
grid, but also ensure that the output power of the controlled multi-port load is within
the adjustable range. Therefore, the control parameter K;M; ; of the established P — f
characteristic and the load-side output control need to match the real-time load operating
state. According to the result of load identification and the established controllable load
characteristic formulas (10), the load frequency control models of the DC/AC port are
proposed respectively, as shown in Figure 4.

e

voltage current
control

A
21/3s

N

PWM control

voltage and current
double closed-loop
control |

Uop — >

voltage current
Ini,T control

. T Jr U
fgﬁd . ijMi,j G. Vi | 2r/3s |
- VA

e PWM control

s

voltage and current
double closed-loop
control II

(b)

Figure 4. Schematic diagram of frequency modulation control for the controllable load: (a) variable
voltage control, (b) variable frequency control.
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Figure 4a shows the variable voltage control. fgiq is the actual frequency at the
grid end; U, and f,. are the measurement values of the voltage and frequency of the
AC ports, respectively; Ur is the rated value of the port voltage; and w is the frequency
reference value. For load variable voltage control, in order to ensure the stability of the port
frequency f, the frequency of the dq transformation is controlled at 50 Hz, so w = 1007;
Figure 4b shows variable frequency control; voltage of the load port u40 is controlled

at 380 V. fr is the rated value of the load port frequency. P\, and PIJ; ; 7 are the rated
power of the voltage- and frequency-sensitive load at port i. Wherei = 1,2, - - - 5, the router
has s load ports in total. K;M; ; is the equivalent frequency modulation coefficient of the
multi-port controllable load, where j indicates the adopted j strategy. The specific value of
the frequency modulation coefficient K;M; ; is determined by the control strategy in the
next section.

The load frequency control model obtains the power command value according to
the power frequency characteristic of the load response to the grid side. Then, based on
the identification results, the G link of the load-side control model is established. It can

be concluded that G links of variable voltage and variable frequency control are %
PutIni,T
fr

and P respectively. Finally, the load power change is controlled by adjusting the
P 1ni, T
controllable variables of the DC—-AC converter ports, thereby realizing local autonomous
frequency modulation control of the load.
Similarly, the control of the DC port should meet both the power demand of the grid
side and the load’s adjustable capacity. The frequency modulation control diagram of the
de, T
chpui,Tchl‘,T
value; Uy, 1 is the rated value of the port voltage.

DC port is shown in Figure 5, where G; = . Uy is the voltage measurement

P

voltage current
double closed-
loop control II1

KM

Figure 5. Schematic diagram of frequency modulation control of the DC port controllable load.

4.3. Frequency Modulation Control Strategy of Multi-Port Controllable Load

When the power grid is disturbed, the controllable load can adjust its own operating
state by controlling its port voltage or frequency value. Considering the need for orderly
control of multi-port loads and reasonable power distribution, the proposed strategy first
prioritizes AC load variable voltage control. On one hand, because the response of the
frequency-sensitive load has inertia, its response rate is slower than that of the voltage-
sensitive load when grid disturbance occurs. On the other hand, the recovery time after the
frequency-sensitive load participates in the grid frequency regulation is longer. Moreover,
the response of the controllable load to small disturbances of the power grid needs to leave
a certain margin. Otherwise, when the remaining capacity is insufficient, the problem
of lack of frequency regulation will occur in the face of special situations such as large
disturbances. Accordingly, the controllable load frequency modulation control strategy
is divided into two stages. This strategy preferentially regulates the voltage-sensitive
load, therefore setting the variable voltage instruction equal to 0.5 AlUmayx as the judgment
condition for strategy switching. When this threshold is exceeded, other loads are regulated
to participate in the response.
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Control of the controllable load should be based on load-characteristic parameters.
Therefore, after the control strategy is started, it detects whether the power grid is initially
operating in a stable state. If the power grid is stable, the load identification is performed
first. The identification can be carried out at most once in a period T. Then, when the
detected grid frequency is disturbed and changes to the response range far1 are noted, at
this time, if identification is under way, the identification control shall be terminated imme-
diately, the frequency modulation control shall be preferentially entered, and frequency
regulation strategy 1 is started.

Strategy 1 sets only the load’s variable voltage control to participate in the response. The
adjustable voltage range of the load is 0.5 AUmax. According to the identification results, the
maximum frequency modulation interval A fmax and the adjustable depth of the load’s variable
voltage are taken as boundary conditions, where, letting A fmax = (fmar1 + fmar2) = 0.2 Hz,
the number of voltage-sensitive load groups is m. The variable frequency modulation
coefficient K; can be obtained as shown in Equation (12).

Its

Kpui P 1lrl1 i,TAUmaX

Afmaqu

Ky =" (12)

The realization of frequency regulation control needs to reasonably distribute the
power to the different load ports of the power router. In order to ensure that the load
output degree under different power router interfaces is as balanced as possible, the
load power of the variable voltage and frequency ports are allocated according to the
proportion of the adjustable depth of each port. Corresponding load characteristic models
are established for different ports; let Pi’f]-(i =1,2,---s;j = 1,2) represent the load power of
i port j strategy. According to the sensitivity identification and the total power frequency
characteristic formula, the load variable voltage characteristic model of strategy 1 can
be obtained:

P!y = P+ Ki(fg — fo) Min (13)

where (i = 1,2,---m;j = 1), M; ; represents the ratio of the capacity of the controllable
load that can participate in frequency regulation to the total capacity at the j-th strategy of
the i-th port, and represents the frequency regulation capability of the port. Therefore, for
the variable voltage control of strategy 1, there are

A umax

Mz',l - Kpuiplbra i'TTT /Aplm,l (14)
where AP, ; is the adjustable depth for total load for the selected participating in frequency

modulation ports when the j th strategy is adopted; when using only voltage regulation
m
control, the variable voltage load can be obtained: AP, ; = ( Yy Kpuinr‘1 ; TA Umax> /Ur.
i=1 ’

According to the established load power frequency characteristics, the frequency
modulation coefficient K; of the port calculated above and other voltage transformation
control parameters M; ; and G; are assigned to the corresponding AC port to realize local
real-time fast frequency modulation.

Based on the above strategy, the controllable voltage is taken as the judgment condition.
If the grid frequency is disturbed and the voltage regulation keeps increasing until it reaches
0.5 Almax, control strategy 2 will start. In the frequency Il interval, the port of the converter
is controlled by variable voltage and variable frequency. In order to suppress frequency
disturbance as much as possible in this interval, the strategy is to control all loads in order to
fully participate in frequency regulation. By doing so, the effect of the load power smoothly
and fully participating in the frequency modulation over the whole frequency range is
realized. The frequency modulation coefficient of this interval is K, which is determined by
the adjustable depth of the total controllable load in interval Il and the maximum adjustable
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range of the grid frequency as boundary conditions. Let fiao = 0.1 Hz. K3 can be obtained
as shown in Equation (15).

m m+q
P .pu AU, . f Afmax
Ky = ¥ KpuiPiiram, 25+ L Ketibnir f s
i=1 i=m+1 15
m+q+r AU ( )
.pPY . max
+i:m§q+1 chpuz dci, T qumarZ

where m is the number of ports for voltage-sensitive loads, g is the number of ports for
frequency-sensitive loads, and r is the number of ports for DC loads.

Similarly, when strategy 2 is adopted (j = 2), the multi-port AC-DC load power
frequency characteristic model is given as
P = Pyl 7+ 0.5Ki M1 (£ fmax) + Ko (fg = fo & fmar1) Mi2

(i=1,---,mj=2)
Py = Plj;1i,T+K2(fg_fnifmarl)Mi,z 16)
(i=m+1,--- ,m+qj=2)
Pig,‘j = chi,T + K (fg - fn + fmarl) Mi,z
(i=m+qg+1,--- ,m4+qg+rj=2)

When fg > fn, the “+” in the formula is the “—" sign; when f; < f5,, the “+” in the
formula is the “+” sign; where

— Aumax ] —
Mi,j = 0'5KPUiPlLrl1i,T Uraby,; (1 =1,---, m)
A max ;
Mij = KoPl,p o (i=m+1,- ,m+q) 17)

A max ] —
M = KaepuiPdei v UrADy; (i=m+q+1,---,m+q+r)

In strategy 2, the whole load participates in frequency regulation, and the total load ad-

m m+q
justment depth APjg 5 is APy, = (0.5‘21 Kpu,»Pﬁ‘1 i,TAUmaX) JUr + ( Y X Kpfl'P]'_}; i/TAfmax) /fr
1= 1=m++

m+q+r
+( L KacpuiPliy 7AUmax) /Ut
i=m+q+1

Local real-time frequency modulation control is realized by assigning the calculated
variable voltage and frequency control parameters M; , and G; of the port and the frequency
modulation coefficient K; to the corresponding AC and DC ports.

In summary, based on load characteristic identification and combined with the pro-
posed control method, a local real-time frequency modulation control strategy is realized.
In Figure 6, a schematic diagram of the frequency modulation strategies within the cycle T
is given.
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Figure 6. Flow chart of frequency control strategies for a multi-port controllable load.

5. Simulation Validation and Analysis

In order to verify the feasibility and effectiveness of the proposed method, Mat-
lab/Simulink software was used for simulation research. Controllable loads were con-
nected to the grid through the multi-port power router. The simulation system’s topology
structure is shown in Figure 1. The power router was equipped with three load ports. The
two AC output ports are connected to voltage- and frequency-sensitive load groups, and
the DC ports access the load group sensitive to voltage. DC stabilization control was used
on the power router rectifier side to ensure stability of the bus voltage. The output end of
the power router selected the control method for the load characteristics of the matching
port according to the load frequency adjustment strategy, so that the frequency response to
it when the power grid was disturbed was rapid.

In the simulation, an AC/DC rectifier was set at the grid-connected end of the power
router, and two DC/AC inverters were set at the load side, using the three-phase bridge
inverter structure. The DC port used a DC/DC converter. The DC/DC output voltage rating
was 380 V. The router’s common DC bus capacitance was Gy = 750 x 107° F. The valid
value range of the three-phase line voltage of the power router input port was 380 £ 26 V
and the frequency range was 50 & 0.5 Hz; the DC bus voltage rated value was 850 V; the
range of the three-phase AC line voltage effective value and DC port output voltage was
380 £ 26 V; and the AC controllable frequency range was 50 £ 0.5 Hz. On the grid side,
the filter inductance was L; = 1.1 x 1072 F and the capacitor was C; = 30 x 107 H.
The filter inductance and capacitance of the AC output port of the power router were
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Lry=L3=16 x 102 Fand C; = C3 =22 x 10~° H, respectively. The filter parameters
of the DC port were Ly = 1.3 x 1073 Fand C; = 35 x 10® H. The generator used a
three-phase simplified synchronous machine; its rated capacity was 12 x 10* W, rated line
voltage 380 V, and rated frequency 50 Hz. Generator power was 47 kW and the generator
droop parameters were ksg = 1.8 x 10* and | = 0.67 kg/ m?. The response delay of the
generator’s primary frequency modulation was set to 0.25 s. Grid-connected PV power
generation was 10 kW. Two load scenarios were set to compare the frequency modulation
effect. The load parameters in Scenario 1 were as follows: 37 kW for the grid-side load
and 20 kW for the controllable AC voltage-sensitive load. Scenario 2 load parameters were
as follows: the grid-side load was 30 kW, the controllable AC voltage-sensitive load was
10 kW, the frequency-sensitive load was 12 kW, and the DC variable voltage load was 5 kW.

The frequency modulation control strategy needed to obtain the real-time running
state and characteristic parameters of the load. The strategy started at 3 s. After the
system was detected to be stable, the load frequency and voltage characteristic coefficient
were identified. The port load voltage and frequency changes were controlled, and small
perturbations of 0.1 Hz and 0.02 Ut were applied to the port. The identification results
obtained after stabilization are shown in Table 1. According to the comparison of simulation
identification value and theoretical value, it can be seen that the identification result is
basically accurate. The average error is about 2.13%.

Table 1. Identification results of characteristic parameters of load.

Voltage-Sensitive Loads

Sensitivity Kpu Frequency-Sensitive Loads K¢ DC Loads Kpygc
Identification value 1.52 241 1.97
Theoretical value 1.50 2.50 2.00
Identification error 1.3% 3.6% 1.5%

5.1. Validation of Variable Voltage Load Participating in Frequency Modulation Strategy

The simulation was carried out when the grid frequency was disturbed. The simulation
conditions were as follows: The load group of Scenario 1 was adopted. The initial operation
of the grid was in a stable state, and the grid side load was set to increase by 2 kW at 5.5 s.
At 6.5 s, the load suddenly decreased by 1 kw. According to the identification results, the
frequency modulation coefficient of the variable voltage control was calculated as 20,000.
Because the grid-side disturbance was small and the strategy-switching condition was
not reached, the strategy 1 load variable-voltage control was adopted according to the
judgment of the power router.

The grid frequency results are shown in Figure 7, compared with the control strategy
and traditional primary frequency modulation. At 5.5 s, the power grid frequency drops
due to the load surge. Comparing the two frequency modulation control curves, it can be
seen that the controllable load can quickly provide frequency support for the power grid at
the initial stage of the disturbance, so as to quickly suppress the frequency mutation. At
5.75 s, the frequency of strategy 1 was basically suppressed and recovered slightly. This is
because at this time, in addition to the controllable load, primary frequency modulation
control also starts to participate in the response. Under the proposed control strategy, the
frequency after disturbance is restored to 49.93 Hz, while under the traditional frequency
modulation method, the frequency is restored to 49.89 Hz. At 6.5 s, the disturbance load
decreases by 1 kW and the grid frequency starts to rise. Finally, the frequency is restored
to 49.97 Hz under the proposed strategy, and the final value of the frequency under the
traditional frequency modulation control is 49.95 Hz. It can be seen that at 5.75 s, the
strategy basically suppresses the decreasing trend of the frequency, which is faster than the
stable speed of traditional frequency modulation. Evidently, the fast frequency modulation
control method can not only suppress the frequency mutation rate of the load but also
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reduce the amplitude of frequency change and provide a superior response time for primary
frequency modulation and other control methods.

Load frequency modulation strategy
502 F [F==== Primary frequency modulation

Grid frequency [Hz]
s .
O o

SN
o
o0

49.7 - - : ‘ -
50 55 60 65 70 75

Time [s]
Figure 7. Comparison of grid frequency between the proposed strategy and traditional control.

Figure 8 shows the DC bus voltage of the proposed control strategy. The bus voltage
fluctuates slightly at the time of disturbance and quickly recovers to 850 V with good

overall stability.

865 t

860 r

DC bus voltage [V]
0] o0 (o) [0e]
5 & & 4

o0
(98]
(93]

5.0 5.5 6.0 6.5 7.0 7.5
Time [s]

Figure 8. DC bus voltage under the proposed control strategy.

Figure 9a,b show the voltage value and power of the port load, respectively. At
5.5 s, the grid frequency increases, the controllable load responds quickly, and the port
voltage drops to 370.6 V. The port output power is 19.03 kW. At 6.5 s, the port voltage
rises to 375.3 V and the port output power is 19.52 kW. The proposed control strategy can
effectively alleviate the impact of load disturbance on the grid frequency, and the effect is
better than that of the traditional frequency modulation method.
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Figure 9. Variable voltage control results: (a) load voltage, (b) load power.

5.2. Validation of Multiport Load Participating in Frequency Modulation Strategy

To verify the effectiveness of the proposed strategy, a relatively large disturbance
scenario was set for simulation where the load group of Scenario 2 was adopted. The
initial operation of the grid was in a stable state. The disturbance occurred at 5.5 s, the grid
side load dropped by 3 kW, and the photovoltaic power increased 1 kW. The disturbance
power recovered at 6.5 s. According to the identification results, the calculated frequency
modulation coefficient of the variable voltage control was 15,000, the frequency modulation
coefficient of the variable frequency control was 3000, and the frequency modulation
coefficient of the DC port was 10,000. At the beginning of the disturbance, strategy one
was adopted. When the voltage reached 3.5% Ur, the grid-side disturbance was judged
to be large according to the power router, and strategy two was adopted, in which all the
controllable loads participate in the frequency modulation control.

The result of the frequency modulation is shown in Figure 10. At 5.5 s, the disturbance
makes the grid frequency rise. Under the load frequency modulation strategy, the frequency
is basically restored to stability at 5.75 s, and the stable frequency is 50.146 Hz. However,
the traditional FM control gradually stabilized at 6.1 s, and the stable frequency was
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50.22 Hz. Under the traditional control, the frequency has exceeded the allowable frequency
extremum, which greatly increases the risk of system instability. It can be seen that the
proposed strategy can quickly suppress frequency mutation and the frequency fluctuation
is smaller.

50.4F

Primary frequency modulation
503t Load fast frequency modulation strategy ||

W
=4
o

W
e
—

Grid frequency [Hz]

5.0 5.5 6.0 6.5 7.0 7.5
Time [s]

Figure 10. Comparison of grid frequency between the control strategy and the traditional method.

Figure 11 shows the DC bus voltage under the proposed control strategy. The bus
voltage fluctuates about 2.5 V at the time of disturbance and quickly recovers to 850 V, with
good overall stability. Figure 12a,b show the voltage and frequency control results of the
AC port, respectively. Figure 12c shows the DC port voltage. As can be seen in Figure 12,
only AC voltage regulation control is started at 5.5 s. At around 5.62 s, control strategy
2 starts, and then the voltage and frequency parameters of Figure 12b,c begin to increase
from the rated value. It can be seen that the voltage amplitude is stable at about 5.8 s. The
frequency is stable at 6 s. This is due to the inertial response characteristics of the variable
frequency load itself; the frequency changes more slowly than the voltage amplitude. The
stable values of the control parameters of the three ports are 398.7 V, 50.23 Hz, and 394.2 V.
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Figure 11. DC bus voltage.



Energies 2023, 16, 3651

18 of 22

EN
—_
=)

400

390

380

370

(%)
D
o

8]
W
o

Variable voltage control results [V]

55 6.0 6.5 7.0 7.5

5.0
Time [s]
(a)
N
=)
2 5041
E
o
=502
2
E
o 50
>
Q
=
2
2.49.8
O
fi=]
=2
© 49.6
S
—
<
>
5.0 5.5 6.0 6.5 7.0 7.5
Time [s]
(b)
400
2
5 390
on
8
S 380
<
3
— 370 f
Q
@)
360 1
350
5.0 55 6.0 6.5 7.0 75
Time [s]
(©

Figure 12. Multi-port load control parameters: (a) variable voltage control, (b) variable frequency

control, (c) DC voltage control.

Figure 13a,b show the load power variation of the AC port variable voltage and
variable frequency controls, respectively. Figure 13c shows the DC port power value.
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Figure 13a shows port power changes from 5.5 s. In Figure 13b,c, the power value of the
port starts to respond at around 5.62 s. According to the control, the load power change of
frequency conversion control is obviously slower than that of other ports. The stable values
of the three ports are 10.08 kW, 12.15 kW, and 0.545 kW, respectively.
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Figure 13. Multi-port load power: (a) variable voltage control, (b) variable frequency control, (c) DC
voltage control.

After the disturbance was generated, the power consumed by the load of the three
ports increased, which restrained the impact of the disturbance. The simulation results
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show that, compared with the traditional frequency modulation method, the frequency
fluctuation of the power grid is obviously suppressed when the proposed controllable load
frequency modulation strategy is adopted. The controllable load can provide fast support
for the grid frequency so as to promote the stability of the power grid.

6. Conclusions

This research proposes a local frequency modulation control strategy of controllable
load characteristic identification in a multi-port power router and draws the following
main conclusions:

1.  Thestatic identification model of the controllable load is established and applied to the
frequency modulation problem in a multi-port router. The load identification is carried
out by applying small signals to different port loads. The identification method can
effectively calculate the load sensitivity and load characteristic parameters of variable
voltage and frequency. It lays the foundation for the load’s fast local frequency
modulation control;

2. A multi-port controllable load control method based on a power router is established
in this paper. This method can be applied to both AC and DC ports of power routers,
and the corresponding variable voltage and variable frequency control can be given
for different port loads. This method can realize the purpose of fast local frequency
modulation without communication. The topology structure adopted here can realize
the transmission of load power through voltage control of the DC bus and maintain
the stable work of the power router. The power frequency characteristics established
for the model match the grid-side and load-side power demands. By controlling the
voltage amplitude and frequency of a load port, the load can autonomously respond
to power grid frequency;

3. A multi-port, controlled-load frequency control strategy is proposed, and the fre-
quency modulation coefficient which can adapt to the load state is designed. The
adjustment margin of the load in the adjustable frequency segment is ensured. Accord-
ing to the characteristic parameters of varying load between periods, the frequency
modulation capacity of different ports can be reasonably allocated. This strategy can
enable the controllable load to participate in the frequency modulation response fully
and smoothly in the adjustable frequency segment. At different stages, each load
port can respond reasonably according to the frequency modulation coefficient. This
strategy can make the load perform its frequency modulation response quickly in
the early stage when the frequency of the grid is disturbed, fill the inertial vacant
power of the grid, and provide support for the frequency of the grid. It can also buy
time for other power grid frequency modulation methods, such as primary frequency
modulation. Finally, the effectiveness of the frequency modulation strategy is verified
by simulation.
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