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Abstract—This work proposes a Dynamic Power Compensation
(DPC) for the frequency and voltage controllers of converter-
based Distributed Energy Resources (DERs) to improve the
dynamic response of low-inertia power systems. The proposed
approach adjusts both active and reactive powers of DERs to
compensate the dynamic coupling between voltage and frequency
controllers. This results is obtained by including additional
signals to the standard controllers. These signals are defined
based on the sensitivities of active and reactive powers with
respect to bus voltage magnitudes and angles. Simulation results
show an overall performance improvement in the power system
when the proposed DPC is considered. Modified versions of the
WSCC 9-bus and IEEE 39-bus benchmark systems are used to
comprehensively assess the proposed DPC.

Index Terms—Low-inertia power systems, converter-interfaced
generation, frequency control, voltage control.

I. INTRODUCTION
A. Motivations

Distributed Energy Resources (DERs) are typically con-
nected to the grid through power electronic converters, pro-
viding additional flexibility and faster responses compared
to conventional generators [1]. However, the substitution of
conventional synchronous machines and controllers with de-
vices whose dynamic interaction with the rest of the system
is yet to be fully understood is one of the major challenges
currently faced by system operators that aim at achieving net-
zero targets [2], [3]. In this context, we propose a control
strategy to enhance the overall dynamic performance of power
systems. The proposed scheme exploits the dynamic cross-
coupling between voltage frequency and magnitude with the
DERs active and reactive power injections into ac grids.

B. Literature Review

In conventional power plants, the automatic voltage reg-
ulation and turbine governors are naturally decoupled by
their time scales. In power electronic converters the Voltage
Control (VC) and Frequency Control (FC) can have similar
time scales but, in the same vein as conventional controllers,
several control strategies to decouple FC and VC of converter-
interfaced generation have been proposed. We cite, for exam-
ple, the concept of virtual impedance control [4]; a modified
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droop control based on an orthogonal power transformation
[5] and [6]; a compensation for local load effects [7]; an
adaptive virtual impedance to compensate for power variations
[8], [9]; as well as a combination of virtual impedance and
coupling compensation [10]. Although the controls above can
effectively decouple the power flows, how to set the virtual
impedance and/or compensation to ensure system stability has
not been satisfactorily solved so far.

In this work, we adopt the opposite strategy, that is, we aim
at designing a control that exploits — as opposed to reduce —
the dynamic coupling between FC and VC converter-interfaced
generation. There are in the literature several proposals also
of this approach. The interdependence between FC and VC
with active and reactive powers has been a utilized to enhance
power system frequency stability in [11]. Other approaches
consists in utilizing active and reactive power in DFIGs to
improve power system frequency stability [12]; adapting local
voltage reference [13]; using smart loads reactive compen-
sation to mitigate power fluctuations [14]; including voltage
derivative in frequency recovery to improve system response
[15], [16]. Cross feedbacks of active and reactive power
controls have also been considered to enhance both FC and
VC [17]. Nevertheless, how to fully avoid the negative effects
of the FC-VC coupling that appears in these controls remains
an unsolved question.

C. Contributions

We propose a control that exploits the dynamic coupling
between FC and VC converter-interfaced generation. With
this aim, we include a dynamic compensation in the active
and reactive power loops of the DER controllers in order to
improve the performance of FC and VC. The compensating
signals are determined based on the sensitivities of active and
reactive powers with respect to bus voltage magnitudes and
angles at the point of connection of the DERs.

D. Paper Organization

The remainder of the paper is organized as follows. Section
Il provides the theoretical framework of the paper, that is,
the derivation of the dynamic power compensation based on
power flow equations, and applies the proposed compensation
to the FC and VC of DER devices. Section III presents two
case studies based on modified versions of the WSCC 9-bus
and the IEEE 39 bus-system. Finally, conclusions and future
work are given in Section IV.
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II. PROPOSED DYNAMIC POWER COMPENSATION

We discuss first the coupling between voltage frequency and
magnitude with active and reactive powers. To this aim, let us
consider the active and reactive power injections in the branch
connecting buses h and k:

Pu = 03 Gun + vk (Ghi €08 O, + By sinOpy) 0

Qni = —Vj, Bun + vnvg (Ghi sin Opg — B cos Opg)
where Py, and QQpj, are the active and reactive powers, respec-
tively, injected in bus h flowing towards bus k, respectively;
Ghp+jBny and G+ j By are the diagonal h-th and (h, k)-
th elements, respectively, of the grid admittance matrix; vy
and vy, represent the magnitude of the voltages at buses h and
k, respectively; and 6, = 6 — 0 indicates the difference
between voltage phase angles.

Equation (1) is valid for both steady-state and transient
conditions. In the latter case, which is the relevant situation
for control purposes and thus the focus of this paper, voltage
magnitudes and angles are functions of time. Differentiation
of (1) with respect to the angles and voltages gives:

0Py 0Py 0Pk, 0Pk,
P =
dPyy, 90, doy, + 90, doy, + o, dvup, + Dor dvy,
dPl, Py,
OQnk OQnk 0Qnk 0Qnk
d = do do d d
Qnk 20, n+ 20, k+ Dur Up + D0, Uk,
dQy,,, dQy),
2

where dP}, and dQ}, are the sensibilities of d Py, and dQp
that depends on the angle. Accordingly, dP/, and dQ}, are
the sensibilities of dPyj, and dQp that depends only on the
voltage.

For convenience of notation, let us rewrite (1) as:

Pr = énn + dnik 3)
Qnk = Vun + Yk
where
bsr = V50 (G cos b + By sinbs,) @
Ysr = VsV (Ggp sin by, — By, cosy,.) .

Then, the differential expressions for the active and reactive
power components related to the angles are given by:

APy, = —tnk dbng ()
dQx = Ok dOpy: (6)

and, for the active and reactive power components related to
the voltages, the differential expressions are given by:

VR VL)

d(v d

dPy= 2 énn (vn) + Pnk ( ; (N

Vh VpVE

d(v d(vpv
dQhy= 2"nn (v) + Ynk (onv) ®)

Up, VpVE

It is convenient to define the quantities:
df . 1 dv v

r = L = er; r = =L 5 9
w dt p v, dt Uy ©)

which are the instantaneous frequency deviation with respect
to the synchronous reference and instantaneous bandwidth, re-
spectively, of the bus voltage v,.. These quantities are estimated
using basic Phased Locked Loops (PLLs) located at the local
bus h and another at the remote bus k. w, and p, can be
combined to define the complex frequency of the voltage v,
as:

ﬁr = Pr +,jwr- (10)

The interested reader can find a comprehensive discussion
on these quantities in [18]. y using (9) and dividing by dt, the
expressions (5)-(8) can be reformulated as:

By = =tk (wr — wn) (11)
Qhr = Pnk (Wi — wn) (12)
Pl = 20nn pr + Ok (P + pic),s (13)
Qi = 2Unn pn + Ynk (pr + pi) - (14)

To achieve perfect decoupling between FC and VC, it is
crucial to ensure that there is no impact on voltage magnitude
during FC and, vice versa, no impact on frequency while
doing VC. This requires the complex quantities dPy, +jdQ},,
and dP/, + jdQj, to be orthogonal. One way to fulfill this
condition is by setting the cross sensitivities dPy). and dQ},,, to
zero. However, achieving this ideal scenario in practice is chal-
lenging due to the strong coupling between voltage frequency,
magnitude, and the active and reactive power injected to the
grid. In the literature, thus, it has been proposed to minimizing
one of these sensitivities at the expense of the other [13].

As anticipated in the introduction, in this work, rather than
attempting to decouple active and reactive power controls,
we exploits the coupling provided by the cross sensitivities
dP}, and dQj},. This coupling is utilized to enhance the
active and reactive power controllers through an additional
compensation in the active and reactive power channels of the
DER controller.

Figure 1 illustrates the proposed control scheme, which
includes an inner current control loop and an outer loop
for FC and VC. Within the current control loop, the current
components (iq and i) are regulated in the dg-axis reference
frame through a simple first-order transfer function. An anti-
windup limiter ensures that these components remain within
their specified limits. The FC loop takes the frequency error
and applies a droop control and a parallel washout filter.
Similarly, the voltage control loop adjusts the bus voltage
using a Proportional-Integral (PI) controller and a parallel
washout filter. The resulting outputs from the FC and VC are
then combined with the active and reactive power references,
respectively. Finally, for the active power channel, the term
Ky - AP,;’k is included, while for reactive power channel, the
term K, - AQ}, is added. Here, Ky and K, are gains used
to regulate the DPC, AP}, and AQ), represent the time
integrals of the cross rates of change of powers P/ and Q).
given in (13) and (12), respectively.

To ensure consistent and effective support for FC and VC,
an activation mechanism for the DPC is included to address
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Fig. 1: Frequency and Voltage control loops with the inclusion of the proposed
DPC in both active and reactive power references.

the possibility that the cross sensitivities dPy). and dQ},, may
exhibit different signs depending on the system’s dynamic. The
compensation activation mechanism is formulated as follows:

Ky - AP, — K; - AP, if AP/, AP/, <0
ik 0, otherwise.

K, -AQ,, — Ky - AQpy if AQj,AQH, <0
Y hk 0, otherwise.

15)

Expression (15) works as a simple activation logic, trig-
gering compensation when the signs of AP}, and AP, are
opposite in the case of FC, and when the signs of AQ}, and
AQY},,. are opposite in the case of VC.

The DPC activation mechanism ensures that active power
compensation is considered only when variations in voltage
magnitude have a negative impact on the FC’s active power
output. This mechanism also ensures that the reactive power
compensation is triggered only if the frequency control is
negatively affecting the VC’s reactive power output.

We have chosen on purpose to use simple PI controllers for
FC and VC. This allows easily replicating the results presented
in the case study. However, any other more sophisticated
transfer functions for the FC and VC controllers is fully
compatible with the proposed DPC as long as the DER control
consists of an inner and an outer loop.

III. CASE STUDY

This section presents simulation results based on modified
versions of the WSCC 9-bus test system [19] (used for single
DER testing) and the IEEE 39-bus benchmark [20] (used
for multiple DER testing). In both systems, the SMs are
represented by a 4th order (two-axis) model and are equipped
with automatic voltage regulators and turbine governors.

The DERs are modelled as described in Section II. The
parameters used for the DERs current, frequency and voltage
controllers are presented in Table I. All DER controllers
include current limiters. The DPC gains K; and K, are
tuned per each DER of each network with the assistance of

eigenvalue sensitivity analysis, adjusting values by exploring
an extensive range and combination of gains, and prioritizing
those with high damping and assumed to remain unchanged in
all scenarios. Null DPC gains, i.e., Ky = K, = 0, corresponds
to employing the conventional frequency and voltage control
strategies.

TABLE I: Parameters of DER Controllers

Controller ~ Parameters

Current Tg =0.6s, Ty = 0.6s
Frequency R =0.06, Ty = 1.2s
Voltage K; =5, K =10

In all cases where a comparison with conventional control
is carried out, the performance index g proposed in [17]
is calculated to undertake the combined effects of voltage
magnitude and frequency. This index is obtained by integrating
the magnitude of the complex frequency defined in (10) at a
given bus 7:

o (t) = / 70 () = / VED TR dr.  (16)

The index in (16) was originally defined in [17] based on
the concept of complex frequency proposed in [18]. This
metric captures the combined effect of frequency and voltage
controllers at the r-th bus. Since u, is a cumulative metric,
the smaller its value, the more effective are these controllers.

Time domain simulations and small-signal analyses are used
to study the performance of the proposed DPC. All results
were obtained with the software tool Dome [21].

A. WSCC 9-bus System

In this section, we consider a modified version of the
WSCC 9-bus system where we have replaced the Synchronous
Machine (SM) located at bus 2 with a DER. The single-line
diagrams of the modified system is shown in Fig. 2. The best
setup of the DPC gains is found to be Ky =5 and K, = 1,
which are the values utilized in all scenarios discussed in this
section. Below, we illustrate the performance of the proposed
DPC following a load outage and a fault; and discuss the effect
of load models as well as of the parameters of DER controllers.

2
DER H

Fig. 2: Modified WSCC 9-bus system.

1) Power Outage: We consider first the outage of a load
located at bus 5 of the WSCC 9-bus system. This contingency
results in the loss of about 39% of the total system load. In
this scenario, loads are modelled as constant impedance.

23nd Power Systems Computation Conference

PSCC 2024

Paris, France — 2024




Figure 3 shows the frequency of the center of inertia (Col)
and the voltage magnitude at bus 2 following the load outage.
The figure compares the conventional control (K, = Ky = 0)
and the proposed DPC approach (K, = 1, K; = 5). The
plots indicate that the proposed DPC leads to a significant im-
provement in the overall dynamic behaviour of the frequency,
without compromising the performance of the voltage control.
This conclusion is confirmed by the performance index o
shown in Fig. 4.

—- K,=0; ;=0 —— K,=1; K;=5

V bus 2 [pu]

0 10 20 30 0 10 20 30
Time [s] Time [s]

Fig. 3: Frequency of the Col (left panel) and voltage (right panel) at bus 2

after the load outage at bus 5 for different control setups of the DER.
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Fig. 4: Performance of the index p2 with and without DPC for the transient
following the load outage at bus 5.

Figure 5 shows the behaviour of the variations in active and
reactive powers injected by the DER without compensation
(K, = Ky = 0). To provide a better understanding of how the
compensation operates in response to this specific contingency,
these power injections are decomposed as AP’ and AP” for
active power, and AQ’ and AQ" for reactive power. In this
scenario, the signs of both AP” and AQ’ are opposite to
AP’ and AQ". This makes the DPC effective to enhance both
frequency and voltage controls of the DER.

2) Three-phase Fault: Next, we consider a three-phase
balanced fault at bus 5 occurring at ¢ = 1 s and cleared
after 200 ms. Figure 6 shows the frequency of the Col and
the voltage magnitude at bus 2 following the fault. The plots
compare the conventional control (K, = K; = 0) and the
proposed DPC (K, = 1, Ky = 5). Moreover, Fig. 7 shows
the performance index po. The effect of the DPC is less
pronounced than in the case of load outage. However, also

0.2 0.0 1
T 04 B
& 00 o 0.1
~0.2 1 g
= T 0.2
e £
£ 041 g,
< g —0.31
—0.6 1 ~
0.4 1
T T T T
0 10 20 30 0 10 20 30

Time [s]

Fig. 5: Active (left panel) and reactive (right panel) decomposition during
transient response after outage of load at bus 5 without DPC (Ky = K, = 0).

in this scenario, the proposed DPC performs better than the
conventional control.

_— K,,.:O;Kf:o _K,‘:l;Kf:FJ

0.992 )

0.990 A , , , ,
0 2 4 0 1 2 3
Time [s] Time [s]

Fig. 6: Trajectories of the frequency of the Col (left) and of the voltage at
bus 2 (right) response following a fault at bus 5 with and without DPC.
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Fig. 7: Performance of the index po with and without DPC for the transient
following a fault at bus 5.

The power signals employed for the DPC are shown in
Fig. 8. As a three-phase fault predominantly impacts the volt-
age magnitude and the DPC is designed to address the cross-
coupled effect between voltage magnitude and frequency, it
is expected that the DPC mechanism will prioritize frequency
control, as confirmed by the results shown in Fig. 6. Following
the fault, the sign of AP’ is opposite to that of AP”, which
indicates that the DPC is effective during this period. In
particular, the magnitudes of AP” is reduced to a quarter
of the value of AP’ after the fault is cleared. This makes
the proposed DPC to improve both the RoCoF and nadir of
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Fig. 8: Active (left panel) and reactive (right panel) power decomposition for
the transient following a fault at bus 5.

the frequency when compared to the conventional frequency
control. With regard to the reactive power compensation, even
if the signal AQ’ has opposite sign w.r.t. AQ", its magnitude
is very small throughout the entire simulation. This results
in the conventional and proposed control strategies to have a
similar performance during the transient.

3) Impact of Load Model: As the load model can signif-
icantly impact the dynamics and coupling effects of voltage
frequency and magnitude, it is important to analyze the per-
formance of the DPC scheme under different load dynamics.
To this aim, we consider three load models: constant power,
constant current, and constant impedance. In all cases, the
contingency is the load outage at bus 5.

Table II shows the simulation results and compares the
proposed DPC scheme with the conventional approach. The
performance metric utilized is po index calculated 30 s after
the occurrence of the contingency. In the table, the values of
the metric po are all normalized w.r.t. the value obtained for
the constant power load model and the conventional control.
Results indicate that, regardless the load model employed, the
inclusion of the DPC scheme enhances the overall dynamic
response of the system.

TABLE II: Normalized po index at 30 seconds for constant power, current
and impedance load models.

Load Model #2(305)
Ky=K;=0 Ky,=1K;y=5
Constant Power 1 0.54
Constant Current 0.95 0.59
Constant Impedance 0.91 0.62

4) Sensitivity w.r.t. FC and VC Parameters: In this subsec-
tion, a sensitivity in the FC and VC parameters is conducted.
Particularly, the PI gains K, and K; for the voltage loop are
changed to study the robustness of the DPC under different
settings.

Figure 9 shows the performance index p2(10s) following
a loss of load at bus 2 to capture faster dynamics related
with the voltage. The index p2(10s) is parametrized with
gains K, and K;, which are varied in the range [1,20].
For comparison, Fig. 9 also shows the index po as obtained
with the conventional DER control. The results indicate that

N K, =0, K;=0 EEE K,=1; K;=5

- st E—

0.30
0.25
0.20
0.15
0.10
0.05

20 @10s

20
10 5 . 10 19
- 20 0o ° .
40, Ki

Fig. 9: Performance index p2(10s) for different voltage control PI gains K;
and K, in the range [1,20].

regardless of the values of the controller gains, the proposed
DPC consistently outperforms the conventional control in
terms of overall dynamic performance.

B. New England 39-bus System

In this section, we consider a modified version of the IEEE
39-bus system where the SMs at at buses 34, 35, and 37 have
been replaced with DERs. To emulate a low inertia scenario,
the inertias of the SMs 2-4, 7, 9 and 10 have been reduced by
30%, and the starting time of generator 1 has been reduced
from 1000 s to 30 s. The parameters of the Power System
Stabilizers (PSS) have been also adjusted to take into account
the modified dynamics of the system and obtain a well damped
dynamic response in the base case. The single-line diagram of
the modified system is shown in Fig. 10.

5 [

27 1

15

©
|o

13 :I: 23

-
20
8 31

TR TR
©' % &

Fig. 10: Modified New England 39-bus system.

Three scenarios are considered, as follows:
o Scenario 1 - Loss of generation: Generator 4, represent-
ing about 10% of the total generation, is disconnected.
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e Scenario 2 — Loss of load: The load located at bus 39,
representing about 18% of the total load, is disconnected.
o Scenario 3 — Fault: A balanced three-phase fault located
at bus 19 occurs at £ = 1 s and is cleared after 200 ms.

Figure 11 shows the trajectories of the frequency of the
Col (left panels) and of the voltage magnitude at bus 20 (right
panels, representing the HV terminal of DER, denoted as Gen
5 in Fig. 10). Additionally, Fig. 12 includes the performance
index poq for three scenarios, comparing both conventional
and proposed control strategies. Overall, the DPC is able
to reduce both frequency and voltage magnitude variations
compared to the conventional control.

— K,=0; K;=0

—_— K, =1, K;y=5

154 o I 14
© © © ©
1= = 3 S
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Scenario 1 — Loss of Generator 4.
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Scenario 3 — Three-phase fault at bus 19.

Fig. 11: Comparison of conventional control and proposed DPC for the
modified New England 39-bus system.

To better appreciate the effect of the DPC, Fig. 13 depicts
the decomposition of active power and reactive power signals.
The DPC is activated for frequency and voltage control when
the signs of AP” (AQ') is opposite to AP’ (AQ"). This
behaviour is exemplified in Scenario 1, where the signal AP”
changes its sign at about ¢ = 20s, whereas AP’ remains
positive throughout the whole simulation. As a result, the
active power compensation ceases, causing the frequency in

1.00 — Ku—0 K0
N — K,=1; K;=5
3
% 099 -
<
k=
=
7
2 0.98
g
g
=}
4

0.97

T T T T T T T

Time [s]

Scenario 1 — Loss of Generator 4.

Index pog

0.0 = T T T
00 25 50 75 100 125 15.0

Time [s]

T
17.5 20.0

Scenario 2 — Outage of Load 39.

— K, =0; Kf=0
—_— K,=1; K;=5

T T
0 2 4 6 8 10

Time [s]
Scenario 3 — Three-phase fault at bus 19.

Fig. 12: Performance index poo of the conventional control and of the
proposed DPC based on the modified New England 39-bus system.

steady state to be determined by the droop characteristic of
the frequency controller, just as the conventional approach.
On the other hand, the DPC helps to reduce the RoCoF.

We note that, apart from the clear improvements in the
dynamic behaviour of the system, the DPC can also introduce
some small oscillations when compensating sudden jumps in
voltage magnitude or angles. This effect can be appreciated in
Scenario 3. These oscillations are generally small if the gains
of the DPC are well tuned and can be substantially eliminated
with additional filters in the DPC signals.

IV. CONCLUSIONS

The paper proposes a novel compensation approach, called
DPC, that improves the overall dynamic response of power
systems by including additional power signals into the active
and reactive control channels of DERs. The DPC exploits the
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Scenario 3 - Short Circuit at bus 20.
Fig. 13: Active (left panels) and reactive (rigt panels) decomposition with
DPC enabled for the three scenarios of the modified New England 39-bus
system.
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inherent interdependence between voltage frequency, magni-
tude, and the active and reactive powers injected by the DERs.

The DPC is evaluated through analyzing local variations
in voltage frequency and magnitude, as well as the response
of the system’s Col frequency. The performance metric p;
proposed in [17] is also utilized throughout the case study
to compare the overall voltage/frequency variations obtained
with the DPC and conventional DER control. Simulations
consider various contingencies and parameters such as load
models, control parameters, and low inertia conditions. Results
show that the proposed DPC scheme consistently outperforms
the conventional control approach in all scenarios, leading to
significant improvements in the overall dynamic response of
the system.

Future work will focus on improving the proposed DPC by
further exploiting the coupled nature of voltage and frequency
dynamics in low-inertia power systems. We also aim at com-
paring the performance of DPC with other control schemes
proposed in the literature, i.e., virtual impedance control, and
evaluate the effect of delays on the terms of the compesanting
signals that depends on remote measurements.
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