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Abstract: Grid-interactive converters with primary frequency control and inertia emulation have emerged and are promising for
future renewable generation plants because of the contribution in power system stabilisation. This study gives a synchronous
active power control solution for grid-interactive converters, as a way to emulate synchronous generators for inerita
characteristics and load sharing. As design considerations, the virtual angle stability and transient response are both analysed,
and the detailed implementation structure is also given without entailing any difficulty in practice. The analytical and
experimental validation of frequency support characteristics differentiates the work from other publications on generator
emulation control. The 10 kW simulation and experimental frequency sweep tests on a regenerative source test bed present
good performance of the proposed control in showing inertia and droop characteristics, as well as the controllable transient

response.

1 Introduction

The stability of a given electrical power system is dependent on
balancing the generation, demand and losses. The estimation of
generation and demand plays a decisive role when planning
operation schedules for power plants and transmission systems.
With continuous penetration of renewables and the expansion of
distributed generation plants, central coordination becomes more
challenging. Instead, generation and demand with automatic
response to voltage and frequency changes becomes a promising
solution in the long run with respect to both stability and economy.

In practice, only large power stations comprised of clusters of
synchronous generators incorporate a droop mechanism for
regulating their generated power as a function of the grid frequency
variation. In order to provide frequency and voltage regulation
from each interfaced terminal in the modern electrical network,
renewable generation plants based on grid-connected converters
are also required to interact with the grid and provide frequency
and voltage support [1]. As the share of the renewable power
generation increases, the impact of the renewables will be more
tangible and the role of these plants should be changed [2].
Therefore, the steady-state performance of a grid-connected
converter needs to be specified by droop characteristics instead of
the maximum power point tracking. Droop control has been well
used in microgrids for frequency support in both grid-connected
and island mode [3-5]. Further, once the energy reserve is
available, the droop algorithm can also be used in large-scale
renewable power generation.

In addition to droop control, synthetic inertia techniques have
also emerged in order to improve the transient performance of a
grid-connected converter, which act as a competitive alternative to
the traditional definition of converter dynamics that are
characterised by phase-locked loop (PLL) [6] and instantaneous
power theory [7]. The dynamics comparison between the inertia
emulation control and droop control has been studied in works
such as [8, 9].

The idea of specifying the grid-connected converters with
inertia and droop characteristics is well accepted because of the
successful operation of the traditional power system, which relies
on the electromechanical characteristics of the numerous
synchronous generators. In detail, the output impedance of a
synchronous machine determines its electrical characteristics that
contribute to load sharing and voltage droop, and the rotor inertia

determines its mechanical characteristics that guarantee the healthy
dynamics of the power system. Therefore, the generator emulation
control (mainly the emulation of the electromechanical
characteristics) has been studied intensively in the past years ever
since its first publication [10, 11]. The studies have been conducted
from different perspectives such as inertia emulation [12, 13], PLL-
less control [14, 15], providing virtual impedance [16-18],
adaptive inertial response [19, 20], primary frequency and voltage
control [21], stability analysis [22], and design of energy storage
[23]. The application scenarios also vary such as the distributed
generation [24-30], electric vehicles [21] and high-voltage dc
systems [31-34].

The abovementioned works give insightful analysis or
constructive implementation proposals on different aspects of
generator emulation control, whereas the transient analysis and
experimental validation in presence of grid frequency variations
are not thoroughly shown. Even if the results shown in [19, 21, 35]
have exhibited the frequency support effect under load changes, a
quantitative transient relation between the grid frequency and
active power is not given and validated.

This paper designs a synchronous power control strategy for
grid-connected converters to provide inertia emulation and primary
frequency control. An active power loop controller integrating
inertia emulation, damping and P-f droop control is proposed as a
simple design alternative to the typical emulation of the
synchronous machine swing equation. Particularly, compared with
existing studies, the transient response of the converters in
presence of grid frequency changes is studied analytically and
validated in experiments in this paper. The controlled grid-
connected converter can give frequency support accurately
following the specified dynamics, which is in turn determined by
the inertia and damping parameters.

The rest of the paper is organised as follows. In Section 2, the
general control framework is introduced and the mechanisms of the
synchronous power controller are briefly explained. The detailed
design of the synchronous active power control loop is presented in
Section 3, taking into account the stability and transient response.
Simulation and experimental validation are given in Sections 4 and
5 which particularly show the frequency support characteristics of
the designed controller, and Section 6 draws the conclusion of the

paper.
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Fig. 1 Grid-interactive power converters based on the synchronous power controller

2 SPC-based grid-interactive converters

The grid-interactive converter is controlled based on the general
control framework referenced as the synchronous power controller
(SPC) [36, 37], which is shown in Fig. 1.

SPC evolves out of the emulation and enhancement of the
electromechanical characteristics of synchronous machines. The
output impedance and inertia of synchronous machines are both
taken into account in the control structure. The virtual admittance
combined with the power loop controller can achieve the specified
electromechanical characteristics with properly assigned control
parameters.

The exchange of active and reactive power between two voltage
sources e and v are written as,

P= %cos@) -6 — V7zcos ¢ 1

Q= %sin(d) -6 — V7sin o) 2

where E and V are the rms of e and v, Z£¢ the impedance and §
the phase angle difference between e and v.

For common synchronous machines, considering a mainly
inductive output impedance and a small value of §, (1) and (2)
become,
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Synchronous machines regulate the active and reactive power
through the governor and exciter, adjusting the speed and voltage,
respectively. Similarly, SPC controls the active and reactive power
by adjusting 6 and E, respectively, such as a synchronous machine,
rather than the conventional control of active and reactive power
through the decoupling control in rotating frame.

Different from many other methods of generator emulation
control, SPC also considers the emulation of the stator. In many
low-voltage grids where several converters are connected in
parallel, the grid impedance is not necessarily inductive and hard to
be estimated. SPC uses a virtual admittance structure to define the
output impedance to ensure a high X-R ratio. Several other
advantages of virtual admittance include the current limitation,
smooth start-up, easy islanding and parallel operation. In single
phase the virtual admittance has the form of,

e—v

het = R sL ®

Equation (5) is a low-pass structure by itself, and does not entail
the derivative term for processing the current measurement that is
often seen in the virtual impedance structure written as,

Vs = € — (R + sL) ©6)

Another advantage of (5) compared with (6) is the simplicity in
inner loop tuning, where only a current controller is enough and
voltage source fighting is avoided. The current controller can be
placed in the stationary frame written as,

_ 1 wSs ref .
Map = U_dc(Kp + Krsz + wz)(l“ﬂ = Lap) )

According to the power angle based active power control, the grid
synchronisation is naturally achieved without using a dedicated
synchronisation unit such as PLL. The centred frequency w used in
the current loop is also provided by the output of the power loop
controller.

SPC defines the virtual inductance L, and its damping

resistance R, and hence the current reference in stationary frame
is,

e — U
ref _ Cap af
lof =R FsL, ®)

where the virtual electromotive force is written as,
e, = Ecos(wt) 9)
ez = Esin(wt) (10)
The active power control is designed in detail in the next section

for inertia emulation and primary frequency control, while the
reactive power controller is written as,

K
E=Eref+(KpQ+T)(Qref_Q) (11

Besides, the reactive power reference Q¢ is modified by an outer

droop controller written as (12) containing a dead band,

Qref = Qset + DQ[deadband(Vref - V)] (12)

3 Synchronous active power control loop

Typically the active power loop controller is designed as an
emulation of the swing equation of synchronous machines that is
written as,
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2HSy
P,—P.,= s+ D|w (13)
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where P and P, are the mechanical and electrical power, H the
inertia constant, Sy the nominal power of the generator, w, the

nominal angular speed, D the damping factor and w the output
angular speed.
In case of grid-connected converters, (13) becomes,

1

© = Oret ¥ GHSyJws + D Lret T

P) (14)

It is worth noting that the active power loop controller is not
necessarily a faithful replication of the swing equation as (14),
while different strategies can be used [38]. This paper uses a
generalised form integrating the inertia emulation and the P-f droop
control.

3.1 Design of the loop compensator

The control structure generalising the inertia, damping and P-f
droop characteristics is shown in Fig. 2.

It is easy to see that the lower part of Fig. 2 realises the swing
equation, while an additional upper part is also added in the
controller. The objective of this change in the control structure is to
add an extra constant to specify the droop slope. The structure
shown in Fig. 2 is obtained as a result of the mathematical
expression written as,

Kps + K

@ = e + g Prer

- P) (15)

Then the active power loop transfer function is written as,

opP _ (zgwn - KG)S + (x)fl
aPref(S) B A(S) (16)

where the characteristic equation A(s) can be expressed by a
second-order parametric equation as,

A(s) = "+ 2¢w,s + . (17)
In (17) the damping factor ¢ and natural frequency w,, are defined
by,

P

f — maxKP + KG

2Pk

max’

w, = VPmaxKl' (19)

To relate the natural frequency w,, in (16) to the inertia constant to

(18)

explicitly indicate the inertia characteristics, the power loop
transfer function based on the swing equation emulation (14) is
also derived and written as,
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Then the controller gain K| can be written in terms of the inertia

constant as (21), which is derived by equating the denominator of
(16) and (20).

a)S
2]

K= 7ms,

Except for the transfer function between the power reference and
the generated power, the response of generated power under
frequency perturbations should also be modelled. The P-w,

transfer function is written as,

dP _Pmax(s + KG)
OF oy = T ma 2 TG 22
2w, AG) 22)
Based on (22), the P-f droop slope can be calculated as,
S SyK
Ry = N NAT 23)

[P /0w)(0) [w, ~ wKg

R, is the per-unit value of the P-f droop slope that describes the

deviation of frequency in percentage that results in the change of
power in the amount of Sy. It is found that R is determined by the

parameters K| and K. Since (21) has given the criterion to
determine K|, the droop slope will be only determined by K once
K, is fixed. Then the criterion to determine K is written as,

1

Ko = 2mr,

24

Substituting K| and K, in (18) using (21) and (24), the expression
of K, is obtained as,

f Wy 1
= - 25
Kp=2¢ 2HS\Pax  2HR4P . (25)

In summary, the parameters Kp, K; and K can set the damping,
inertia and droop characteristics, respectively.

3.2 Local stability

As an important design consideration, the influence of the control
parameters on the local stability should be analysed. For a
synchronous machine, the angle stability is mainly determined by
the damping factor &. In case of a grid-connected converter
controlled by the proposed controller, even if the numerator of the
power loop transfer function is slightly changed, the characteristic
equation remains the same. It is grounded to expect that the local
stability is mainly influenced by the damping factor.

Fig. 3 validates the influence of the damping factor ¢ on the
power loop stability. It shows the root loci with respect to the
change of ¢ and H. The figure is plotted based on a 5% droop
slope. Complying with the Lyapunov first method, the damping
factor ¢ has to be specified greater than 0 to yield two poles with
negative real parts for an asymptotically stable system. Different
from the synchronous machines whose damping is limited by some
mechanical and electrical constraints, £ can be tuned to an optimal
value for a grid-connected converter. Fig. 3 also shows that the
poles move to the right as the inertia constant increases, while they
stay in the left half plane in the common range of the inertia
constant.

Thanks to the inertia effect of the power loop (by specifying a
proper inertia constant), the reference of the current loop does not
experience fast changes, and the dynamics of the current loop and
the non-linearity of the plant are much less coupled in the
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3.3 Transient response

The transient response of the active power control loop is evaluated
by implementing a unitary step input to the closed-loop system
written as,

t<o0

0
P(®=1,0=|3  t=0 @7)
1

0<t<=3s
and the overshoot and settling time of the response are taken as the

performance indicators.
The overshoot is calculated following,

. P(t
Fig. 3 Root loci with respect to the damping factor and inertia constant P, = max # -1 (28)
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Fig. 4 Influence of the damping factor, inertia constant and droop slope on the system phase
(a) Influence of the damping factor, (5) Influence of the inertia constant, (¢) Influence of the droop slope

dynamics of the active power control. Hence the open-loop system
is defined by,

KPS+K

1 EV
Go(s) = s+K

i (26)
where the virtual admittance and the inner current controller are
simply modelled based on (3).

Fig. 4 shows the change of the open-loop system phase affected
by the damping factor, inertia constant and droop slope. It is found
that the damping factor has a dominant influence on the system
phase margin, while the inertia constant and droop slope can be
specified considering the requirement of the transmission system
operator and the available power reserve without affecting the
system stability.

where P is the steady-state value obtained at =3 s. The settling

time is calculated following,

5.t |’)(t) 1] > ¢,

t, =T, max |Vt (29)

where T is the time interval between two adjacent points and & is
the steady-state band.

H, ¢ and R, are specified with multiple values to define the
system. According to (20), it is easy to find that the settling time

1
tsoca)_noc\/ﬁ

(30)

Fig. 5a shows that the settling time increases as the inertia constant
increases and follows this relation. Fig. 5 shows that the damping
factor and droop slope have minor influence on tg except that t,
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increases significantly when a poor damping is given. Fig. 5¢
shows that the damping factor has a considerable influence on the
overshoot of the transient response. It can be concluded that &
should be not only greater than zero to guarantee the stability, a
limit of overshoot should also be set, and further the control
parameter K, is tuned. Fig. 54 shows that the overshoot also
increases along with the inertia constant. However, this trend is
limited in an acceptable range under a fixed value of . The droop
slope has only minor influence on the overshoot. It is shown that
the integration of the droop control in the power loop controller

Table 1 Key parameters of the test plant and controller
Parameter Description Value
Vi V dc bus voltage 640
L,, mH converter side inductance 2.6
Ly, pH grid side inductance 662
C,, WF filter capacitance 5.5
C,, UF trap filter capacitance 1

L, uH, trap filter inductance 244
R Q filter damping resistance 1
Sy KW rated power 10
fswr HZ switching frequency 10,050
fe Hz sampling frequency 10,050
Ug, V grid line-to-line voltage 400
fo Hz grid frequency 50
Xpuws P-U. per-unit virtual reactance 0.3
Ry PU. per-unit virtual resistance 0.1

& damping factor 0.7

does not introduce any effect on the dynamics. The transient
response is still characterised by ¢ and H, while R; mainly

determine the steady-state performance.

4 Simulation results

Simulation tests are conducted to show the performance of the
proposed control strategy in grid frequency support. A 10 kW two-
level three-phase grid-connected converter is built in the simulation
model. The converter is connected to the grid through a LCL-trap
filter [39]. In order to show the response of the active power as a
function of the grid frequency changes, a Thevenin model is used
to form the grid. The three-phase voltage is generated by dg
transformation of the voltage magnitude, and the phase angle is an
integration of the programmed frequency. The controller is
discretised and coded in a simplified ¢ block to minimise the gap
between the simulation and the experimental implementation. The
parameters of the plant and the controller are shown in Table 1
(same to the parameters of the experimental setups).

A ramp change of the grid frequency is implemented in the test
as shown in Fig. 6a, and the response of the active power is
measured. The test is repeated for several times with different
values in inertia constant and droop slope, and the damping factor
is kept unchanged. Fig. 65 compares the profiles from different
cases.

During the change of the grid frequency, the active power
injection accordingly changes to resist the frequency deviation and
give frequency support. In three different cases the droop slope R,
is specified to 5 and 10% and infinite (K; = 0) while the inertia
constant H is fixed to 10 s. It is shown that the steady-state value of
active power reaches 0.64, 0.62 and 0.6, respectively. Considering
that the deviation of grid frequency is 0.1 Hz, the steady-state
active power injection matches with the specified droop slope. For
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Fig. 7 Simulated system for validating the load sharing of parallel
connected converters

evaluating the inertia characteristics, R is fixed to 10%, and H is

assigned to 5 and 10 s in two cases. Because of the same value in
Ry, two profiles reaches the same steady-state value (0.62). The

settling time of the two responses are calculated considering a
steady-state band of 5%. The settling time when H=10s is 590
ms, and the settling time when H=5 s is 439 ms. It validates the
relation (30). In summary, the specified inertial dynamics and
droop slope can both be achieved using the proposed synchronous
active power control loop.

The power sharing capability of the SPC is validated as follow.
Fig. 7 shows the simulated setup with three parallel connected
converters. Two of them are 10 kW converters and the third one is
100 kW. A switch determines the operation mode (island or grid
connection), and the resistive local loads of 120 kW are also
connected at the point of connection. The virtual admittance of
each converter has the same per-unit value (0.3), and then the loads
can be shared according to the weight (power rating) of each
converter.

The initial operation point of the three converters are 8, 6 and
70 kW, and the remaining part of the loads are supplied by the grid.
At t=1.2s, the grid connection switch is opened, and at t=1.6s
40 kW of loads are shedded. The grid voltage, load voltage and
current injection of each converter are shown in Fig. 8, and the
power calculation of each converter and the loads are shown in
Fig. 9.

During the islanding and load shedding, the load voltage does
not experience significant change, demonstrating the grid forming
ability. At = 1.2 s, three converters accordingly increase the power
to balance the local loads. The power increase of the three

converters are around 2, 2 and 20 kW, respectively, which are
proportional to their power ratings. After the islanding, the load
power is slightly reduced because of the minor decrease in the load
voltage magnitude. At r=1.6, the power generation of each
converter reduces because of the load shedding. The power
changes are proportional to their power ratings, and the load
voltage is maintained.

The above results show that islanding can be realised smoothly
without control scheme switching, and the converters can properly
share the loads under load changes.

5 Experimental results

The frequency support characteristics are further validated in
laboratory test bed. The experimental setups are shown in Fig. 10,
where a 10 kW converter interacts with the grid that is formed by
the regenerative power source California Instrument MX45. By
using this ac source the grid voltage waveforms, magnitude and
frequency are programmed, and hence the sweep of grid frequency
can be generated. A 20 kW dc power source supplies the dc bus of
the converter, the control is implemented in dSPACE ds1103 using
the same code used in the simulation tests. The parameters are the
same to the simulation parameters as shown in Table 1.

Fig. 11 shows the transient response of active power in presence
of grid frequency sweep. Fig. 1la shows the programmed
frequency sweep, and the ramp slope is £1 Hz/s. Fig. 115 shows
the waveforms of the grid voltage and current injected by the
converter during the frequency changes. The current is well
controlled in steady state and exhibit a significant transient
response to oppose the change of the grid frequency. During the
transient the response of the converter presents a smooth variation
free from oscillations. Fig. 11c compares the response of active
power obtained by analytical, simulation and experimental study.
In the three cases the controller is assigned with the same
parameters. In analytical study, the same sweep change is given to
the transfer function (22) and the response of P is recorded.
Fig. 11c shows a perfect match among the responses from the three
different cases. It indicates that the transient response of the grid-
connected converter in practice is able to follow the dynamics that
is analytically specified. In this way, the damping, inertia and
droop characteristics can be accurately given and the control is
demonstrated to be experimentally feasible. The P-f droop slope is
fixed to 10% in the test, and the measured active power increases
from 0.5 p.u. and stabilises at 0.56 p.u. when the grid frequency
holds at 49.7Hz, and stabilises at 0.44 p.u. when the grid
frequency holds at 50.3 Hz. Fig. 11c¢ also shows the evolution of
the virtual synchronous angular speed w, it is seen that the high
amount of inertia (H =10 s) results in a greater settling time of the
grid frequency tracking compared with the conventional PLL. The
difference between w and w, during the transient leads to a great
change of active power to oppose the frequency deviation and thus
presents inertial dynamics.

Fig. 12 compares the transient responses of the converter when
different values of H is specified. The frequency change that
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triggers the responses is shown in Fig. 12¢. The ramp slope of the
frequency change is +£3 Hz/s. The initial operating point of the
converter is 6 kW and 0 kVar. When H is 5 s, the grid voltage and
injected current waveforms are shown in Fig. 12a, while the ones
when H is 10 s are shown in Fig. 12b. In both cases the current is
well regulated and smoothly changes following inertial dynamics.
The active power in both cases are measured and compared with
each other in Fig. 12d. Two profiles shown in Fig. 12d settle at the
steady state respectively 944 and 658 ms after the second ramp
change of the grid frequency. It is easy to calculate that
944 /658 = 1.43 =~ 4/10/5, which matches with (30).

Then the droop characteristics are demonstrated in Fig. 13. The
change of the grid frequency is plotted in Fig. 136, where it
decreases to 49.9 Hz during 0.1 s, holds for 1 s and increases back
to 50 Hz during 0.1 s. In three different cases the droop slope R is

infinite (K = 0), 10 and 5%, corresponding to 0, 2 and 4 kW/Hz.
Fig. 13a shows the grid voltage and injected current in three cases,
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and Fig. 13¢ shows the comparison of the transient active power
responses. The steady-state value after the first ramp change is 0.6,
0.62 and 0.64 p.u., which match the specified droop slope.

Fig. 14 shows the performance of the SPC in comparison with
the classic control strategy that is based on vector current control,
PLL and instantaneous power theory. The PLL is a fast one with
the settling time 100 ms. The grid frequency sweep profile is
specified as Fig. 14c. In order to see the difference on the dynamics
under the same steady-state performance, the P — f droop slope of
the two strategies are fixed to the same value, namely 2%.
According to Figs. 14a and b, both strategies show an effective
control, and are different from each other in the transients. The
SPC-based method opposes the grid frequency deviation in the
transients more than the classic method, as a result of the inertia
characteristics (H=10s). The evolution of active power is shown
in Fig. 14d. The steady-state active power change is the same (—3
kW) based on the two strategies. Fig. 14d also shows that grid
synchronisation of SPC is more stable relative to the classic
frequency measurement based on a stationary-frame PLL. Besides,
the active and reactive power control has a minor coupling effect,
which can be explained by (1) and (2).

As another comparison, the performance of the swing equation
emulation controller based on (14) is also tested in experiments.
Inertia constant and damping coefficient have been specified to 10
and 0.7 s, respectively. The inherent P — f droop characteristics in
the power control loop leads to a droop effect shown in Fig. 15
(0.1 Hz deviation leads to 3 kW change in active power). The
frequency sweep profile is specified in a smaller range compared to
Fig. 14 to avoid saturating the converter. The inertia characteristics
are also shown. It can be concluded that the power loop controller
used in this paper (15) leads to similar dynamics to the typically
used swing equation emulation (14), and has different droop
characteristics. The swing equation emulation needs to modify the
droop slope through an additional droop loop.

In summary, the experimental results further verifies the inertia
and droop characteristics of the controller in presence of grid
frequency changes. The identical transient active power response
from the analytical, simulation and experimental results shows the
effectiveness and the easy experimental implementation of the
designed controller. A controllable transient response is hence
demonstrated.
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6 Conclusion

Regenerative ac source

-,\

This paper designed a synchronous active power control strategy
for grid-connected converters oriented to inertia emulation and
primary frequency control. The power loop controller was designed
to incorporate damping, inertia emulation and P-f droop
characteristics with considerations of stability and dynamics.
Frequency support characteristics of the controlled converter were
particularly analysed and validated in this paper. The analytical
relation between the grid frequency deviation and the active power
change was derived based on the accurate modelling of the active
power control loop. The simulation and experimental tests were
done on a 10 kW regenerative source test bed. The inertia and
droop characteristics were clearly shown in frequency sweep tests
when the converter is controlled by different sets of parameters.
The test results present the identical responses as theoretically
specified. Therefore, the inertia constant, damping factor and droop
slope can be accurately given for good grid-interaction dynamics.
The consistency shows the easy implementation of the proposed
controller, as a step toward the future field tests.
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