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Abstract—To uncover the mechanism by which voltage-
dependent loads (VDLs) influence electromechanical dynamics,
this paper mathematically deduces the damping torque induced
by VDLs based on a single machine infinite bus system. Moreo-
ver, by continuously regulating the terminal voltage of a typical
large-scale VDL, i.e., the aluminum electrolysis load, this paper
proposes a novel load damping control architecture to dynami-
cally modulate the power consumption of controlled loads so as to
eliminate inter-area oscillations in power systems. Specifically,
the decentralized load damping controllers (LDCs) used in this
architecture are designed by a proposed multi-stage mixed
H,/H,, control approach to guarantee robustness against uncer-
tainties (e.g., tie-line outages, wind generation fluctuations) as
well as to ensure reasonable control efforts of controlled VDLs.
Simulation results on the modified New England and New York
interconnected system validate the method for analysis of VDLs’
effects on inter-area oscillations and show the proposed load
damping control strategy can satisfactorily damp inter-area oscil-
lations over multiple operating points.

Index Terms—Large-scale voltage-dependent load, inter-area
oscillations, load damping control, robust decentralized control.

I. INTRODUCTION

NTER-AREA oscillations are longstanding and challenging

security issues in power systems due to their association
with groups of components that are usually distributed and up
to hundreds of miles away. The voltage-dependent load (VDL)
significantly influences inter-area oscillations. Based on the
modal analysis and nonlinear time-domain simulations, [1]
and [2] explored the influence of VDLSs on electromechanical
oscillations and observed they are highly related to the loaded
conditions of the system and the types of excitation systems
employed.

A. Load Control for Damping

Although VDLs have been widely studied for primary fre-
quency control and voltage stability [3]-[6], their architecture
and techniques concerning their control to alleviate inter-area
oscillations are rarely reported. Reference [7] gave the earliest
outline of the general framework to improve angle stability by

modulating the power of some conceptually controllable loads.
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Furthermore, Kamwa et al. [8], [9] used multi-band stabilizers
to conduct constructive and inspiring work on shedding the
active power of loads to enhance stability of the frequency and
electromechanical oscillations. Besides, an anticipated control
strategy was proposed in [10] to dispatch the steady-state
power consumption of loads, rather than dynamically modu-
late the loads’ power, so that the operating point is regulated
to damp inter-area oscillations. However, these studies utilize
loads without considering the necessary models and con-
straints thereof, possibly leading to undesirable control effects
in practical applications. For example, [9] pointed out that
certain loads might be ineffectively modulated in the most
unstable cases due to strong oscillations of the bus voltage.

The authors’ team has concentrated for many years on aca-
demic studies and industrial applications of direct load control
techniques, specifically those based on aluminum electrolysis
loads (AELSs) that are quite sensitive to voltage [4], [5], [11].
The industrial AEL, as a typical representative of large-scale
controllable VDLs in power systems, has two major merits
that benefit power system dynamics: 1) the power consump-
tion of the AEL can be rapidly and smoothly modulated by
regulating its terminal voltage when series magnetically con-
trolled reactors (MCRs) are installed; 2) the normal AEL op-
erates with a fairly large and steady daily power consumption
(usually up to hundreds of MWs) but it can endure terminal
voltage deviations of +10% for hours, which means it can of-
fer considerable modulable active power to engage in dynam-
ics control. Therefore, it is readily inferred that the control
bandwidth based on the AEL can not only cover the widely
studied primary frequency control issues [5], [11] but also the
control problems associated with faster system dynamics, i.e.,
inter-area power oscillations in this paper.

B. Contributions

Besides the inadequate investigation on characteristics and
models of the controlled loads, previous studies (e.g. [7]-[9])
of relevance also have little consideration towards the damp-
ing controllers’ robustness in nowadays power systems. For
example, the influences of operating point drifts (e.g. caused
by wind power generation) on the damping control design
have been addressed in [12]-[14]. In addition, those studies
have not provided effective approach to constrain the damping
controllers’ control efforts although it is well known that ex-
cessive control efforts may remarkably deteriorate the dynam-
ics of controlled VDLs.

By using the AEL as a specific example, this paper propos-
es to supplementarily control the large-scale VDL to suppress
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inter-area oscillations in power systems. Similar to other
damping control implemented based on, e.g., HVDC [15],
FACTS devices [16], and energy storage systems (ESSs) [17],
supplementary load damping controllers (LDCs) using wide-
area feedback signals as the inputs are installed in the VDLs
(AELSs). Furthermore, compared to the above-mentioned stud-
ies associated with load control, this paper is the first to sys-
tematically address the use of large-scale VDLs to suppress
inter-area oscillations in detail with respect to aspects of the
mechanism and damping control system. The main three con-
tributions of this paper are summarized as follows:

1) Based on the classical single machine infinite bus (SMIB)
system, the transfer function between the damping torque and
the VDL is first deduced so as to mathematically explain the
phenomenon that the loaded condition of the power system
and the types of excitation systems employed can differential-
ly affect the influence of the VDL on the electromechanical
oscillation, as observed in [1] and [2].

2) A novel wide-area load damping control architecture is
proposed. By establishing the concrete model of AELs, its
terminal voltage can be regulated by the series MCR. Thus, by
virtue of wide-area measurement systems (WAMS), the pro-
posed LDCs can synthesize the wide-area closed-loop control
system and continuously modulate the power consumption of
the AELS to suppress inter-area oscillations.

3) Because the AELs are generally distributed in distant ar-
eas, this paper proposes a multi-stage mixed H,/H,, robust
control approach to design the LDCs with a decentralized ar-
chitecture. The coordinated LDCs can effectively and robustly
suppress inter-area oscillations against uncertainties in practi-
cal power systems (e.g., tie-line outages, wind generation fluc-
tuations).

The remainder of this paper is organized as follows. De-
tailed analysis and discussion of the effects of VVDLs are illus-
trated in Section Il. Sections Ill and 1V respectively introduce
the wide-area load damping control strategy and the robust
LDC design procedure. Simulations of the modified New Eng-
land and New York interconnected system are conducted in
Section V. Finally, Section VI concludes the paper.

Il. EFFECTS OF THE VDL CHARACTERISTICS

A. Modified SMIB System

To explore the general mechanism of the influence of
VDLs on electromechanical oscillations, the SMIB system is
employed as shown in Fig. 1. A third-order synchronous gen-
erator and a high gain static exciter (AVR) are adopted in this
system. The local load VL at the terminal bus is voltage de-
pendent. In addition, the power output of the generator Pg is
divided into two parts: P consumed by the local load VL and
P+ transmitted to the infinite bus through a tie-line.
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Fig. 1. The SMIB integrated with a voltage-dependent load.
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To simplify the analysis, it is assumed that the load VL on-
ly consumes active power and its voltage-dependent character-
istic can be represented by a general exponential form [18]:

v, Y
PL(VI)=P0[\TJ

0

M

where Py and Vo denote the nominal values of the load’s active
power and terminal voltage, respectively; V: is the actual ter-
minal voltage; and « is the exponent. This mathematical mod-
el can be employed to depict constant power (CP), constant
current (CC), and constant impedance (Cl) load types by set-
ting ato be 0, 1, and 2, respectively.

The nonlinear dynamic model of the SMIB system is line-
arized around the nominal operating point, and the deviations
of the electromagnetic torque AM,, the transient voltage AE; ,

the terminal voltage AV,, and the load power AP, can be com-
puted as follows:
AM, =K/ A5 + KZAE(;
AE; =G, (AE, —K,A5)
AV, =K,AS + KGAE(;
AP =K AV,

(22)

= AE ——gAV =R AV, K —a e @)
1+ K, T S 1+T,s V,
where K;~Kg are the commonly used coefficients in the small-
signal stability analysis, and their detailed calculations are
presented in Appendix A [18]-[20]; AEy, is the deviation of the
exciter’s output voltage; 7"y, is the d-axis open-circuit transi-
ent time constant; Ka and Te are the gain and time constant of
the exciter, respectively; and K. represents the sensitivity of
the load power with respect to the terminal voltage.
Substituting (2b) into (2a) yields the open-loop transfer
function from the deviation of the power angle Ad to AV:
G, () =A_\4= K, - K,KG;
A6 1+ KG,G,
Generally, the gain Ka of an exciter in modern power systems
is fairly large and its time constant T is very small. Thus, the
transfer function (3) can be further simplified:
Ky (K, +K:K
G, (S) ~ K, _LS,A) 4)
KoK, +T40S
Similarly, based on (2), the open-loop transfer function
Ado—AP; can be deduced:

AP _ [K ~ KG(K4+K5KA)j
AS U KK+ TS
Using the complex torque method, [18] investigated the
mechanism of the excitation system in detail. This paper de-
pends on its work and additionally introduces a feedback loop
(A6—AM;) to investigate the electromagnetic torque AM;
induced by the voltage-dependent load VL, as shown in Fig. 2.
Routinely, AM; is orthogonally decomposed into the synchro-
nizing torque AM, ¢ and the damping torque AM, , in the com-
plex plane, as follows:
AM| = AP = AM (AS +AM A®

®)

GL (S) = (5)

(62)
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Therefore, the phase shift from Ad to AM; (caused by Gy (5))
is critical for the load to produce damping torque. According
to (5) and (6), the system component parameters and the oper-
ating point primarily determine the phase shift and thus the

load’s damping effect, which will be discussed in detail in the
following.

AM =
(6b)
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Fig. 2. Electromagnetic torque induced by the VDL.

B. Discussion

Generally, the synchronizing torque impacting the transient
stability is adequate in modern power systems due to the high
gain and sensitive AVR [18], and is not of special concern in
this paper. However, the situation becomes complicated for
the damping torque and requires detailed investigations.

It is found from (6) that the sign of AM;, is mainly decided
by the parameter Ks because the other parameters are always
positive [18]. Appendix A shows that Ks can be a positive or
negative number, and its sign depends on the operating point
and the system’s structure and parameters. AM;, will be posi-
tive with a positive Ks, indicating that the load induces a posi-
tive damping torque and is beneficial to the electromechanical
oscillation dynamics (Fig. 3). In contrast, if Ks is negative and
Ka+KsKa<0, the load will have adverse effects on damping
power oscillations compared to the previous case. Moreover,
the adverse effects will be seriously amplified by Ka and K. in
(6). As mentioned in [18] and [20], negative Ks easily emerges
in stressed operating conditions such as transmitting heavy
power over long-distance tie-lines. Under such stressed condi-
tions, the VDL would therefore deteriorate damping ratios of
the oscillation modes and lead to insufficient damping perfor-
mance in power systems.

Although the stressed operating conditions will force the
VDL to be adverse to small-signal stability, it is inferred that
the phase of the torque induced by the VDL can be rotated by
reasonably regulating its terminal voltage so that positive
damping effects are produced. Specifically, this auxiliary ter-
minal voltage control for VDLs can induce a supplementary
positive damping torque AMsp (green arrow in Fig. 3) and thus
be beneficial for suppressing electromechanical oscillations in
power systems. The detailed control architecture is introduced
in the following section.

In particular, the main purpose of utilizing SMIB system is
to clearly illustrate the way on which VDLs impact the elec-
tromechanical oscillations’ damping. Indeed, there will be no
theoretical difficulty to perform the induced damping torque
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analysis in a multi-machine system. For example, [21] deduc-
es the damping torque which are induced by FACTS devices
in a multi-machine system. The investigation results based on
the SMIB system or multi-machines will make no essential
difference. Thus, this paper will subsequently employ a multi-
machine system to further confirm the correctness of the
above investigation.

Kg >0

AMg,

K; <0

Fig. 3. A phasor diagram of torque AM; with positive and negative Ks.

I11. PROPOSED VDL-BASED LOAD DAMPING CONTROL
FRAMEWORK

Compared to previous works [7]-[10], this paper is the first
to propose in detail a novel load damping control architecture
for the VDL and specifically assess the damping capabilities
of controlled VDLs. The strategy can not only mitigate the
adverse effects from the VDL but also effectively suppress
inter-area oscillations in power systems.

A. Basic Principle and Architecture

In modern power systems, many types of VDLs can com-
monly tolerate wide and frequent variations of supplied volt-
age [3]. In this paper, a typical example of such a large-scale
VDL, the AEL (powered by DC voltage) [4], is specifically
studied. Furthermore, industrial AELs in China have been
gradually subjected to technical improvements to equip the
MCRs, which are in series with the AELSs, to regulate their
terminal voltage. Specifically, MCRs have the advantages of
good reliability, large capacity, and high voltage [22], [23].
Moreover, an AEL’s terminal voltage can be smoothly and
quickly adjusted by the MCR. In this paper, the series MCRs
provide a convenient way to engage AELS in dynamics control
because they can also rapidly respond to supplementary damp-
ing control signals.

Based on the feasibility of implementing supplementary
control of the AELs accompanied by MCRs, this paper further
proposes to reshape the natural damping characteristics of the
AEL for suppressing inter-area oscillations of power systems.
Fig. 4 shows the proposed wide-area damping control archi-
tecture based on the AELs. Briefly, the LDCs receive remote
feedback signals from the WAMS center and generate auxilia-
ry input signals to control the rectifier of the MCRs.

Moreover, Fig. 5 depicts the detailed series framework and
control blocks of controlled AELs. When inter-area oscilla-
tions occur in power systems, wide-area input signals will be
delivered to LDCs and then damping output signals Au are
added to a series thyristor-controlled rectifier for MCRs to



change the series impedance AX between a public bus PB and
a load terminal bus TB (the transfer function Gwm (s) for the
MCRs is seen in [22]). Thus, the terminal voltage Va will be
regulated by AVp and, consequently, the controlled AEL is
continuously modulated to provide damping efforts to inter-
area oscillations. After inter-area oscillations subside, LDCs
will not be active and controlled AELs would return to the
original steady state.
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Fig. 4. The proposed wide-area closed-loop control structure.
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Fig. 5. The basic framework of proposed control.

B. Available Active Power Capacity of the AEL for Damping
Control

For practical considerations, the LDC output magnitude
should be limited to prevent excessively exerting the AEL and
ensure the quality production of aluminum. With this limita-
tion (shown in Fig. 5), it is therefore necessary to assess the
available active power capacity provided by AELs for damp-
ing control. Generally, the active power Pa consumed by the
AEL can be calculated as follows:

P, =aV} +bV, @)
where a and b are coefficients depending on the resistance and
electromotive force of the AEL model, and Va is the terminal
voltage of the AEL. For example, [11] uses actual measure-
ments to identify values of a and b of 4.96 and —1.66, respec-
tively. Moreover, the nominal power of the AEL is 330 MW at
Va=1.0 p.u. Thus, as Va is permitted to vary between 0.9 and
1.1 p.u., the power consumption of the AEL has a minimum of
252 MW and maximum of 417 MW; this indicates that up to
+20% of the AEL’s active power capacity is available for
power modulation to serve in the damping control. Hence,
considering that the nominal capacities of AELs are usually
quite large, they can definitely spare adequate dynamically
controllable capacity to improve power system stability. In
other words, similar to the characteristic of energy storage
systems, the controlled AELs also have the potential to offer
active power modulation to eliminate inter-area oscillations.
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Furthermore, the location of an AEL (or other types of VDLS)
is another important factor to influence its capability for con-
trolling electromechanical dynamics. In fact, where the indus-
trial VDLs with large capacities are placed primarily depends
on the practical needs and requirements. For example, AELs
are generally sited close to aluminum mines. For simplicity,
this paper however concentrates on the design of LDCs which
modulate the power of VDLs, and it is assumed that the stud-
ied VDLs have the locations which will not affect their capa-
bilities in controlling the electromechanical oscillations.

It should be noted that this paper mainly aims to investigate
the mechanism by which VDLs influence electromechanical
dynamics and further to propose a novel load damping control
strategy to dynamically modulate the power consumptions of
controlled VDLs so as to suppress inter-area oscillations in
power systems. Specifically, both the mechanism investigation
and subsequent robust damping control design are presented
based on general VDL models which can be flexibly special-
ized to a variety of VDLs in practice, such as electrolysis
loads [4], LED lighting [6], and electric water heating [24].
Namely, the proposed control strategy can be compatibly ap-
plied to these VDLs if providing detailed load models. There-
fore, the AEL which is a specific yet typical VDL is employed
in this paper to complete the exemplary demonstration of the
proposed investigation and control design method.

IV. MULTI-STAGE ROBUST DESIGN STRATEGY FOR
DECENTRALIZED LDCs

A. Multi-Stage Robust Design Strategy

A robust design strategy mainly aims to enhance the ro-
bustness of LDCs against external disturbances and model
uncertainties, such as tie-line outages and wind generation
fluctuations. In this paper, a mixed H,/H, output-feedback
control approach is used to achieve the multi-objective robust
control purpose [25]. Moreover, H,, control can guarantee
stability of a closed-loop system against uncertainties while
H, control can optimize transient responses of the system, e.g.,
the control efforts of controllers [26]. Meanwhile, the required
damping effects are fulfilled by implementing constraints on
the placement of closed-loop poles in the control design. In
addition, linear matrix inequality (LMI) optimization is a
powerful and mature tool currently used to solve linear control
problems.

The detailed configuration of the proposed design control
strategy is depicted in Fig. 6. G(s) is the transfer function of
the open-loop power system and K(s) represents the transfer
function of the LDCs to be designed. Due to the utilization of
wide-area feedback signals, the transmission time delay (z)
should be taken into account during the control design; thus, it
is approximated in this paper by the second-order Pade formu-
la (D(s)) which is simple yet more accurate than the first-order
Pade formula for approximating time delays associated with
the wide-area damping control, as follow:
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Fig. 6. Configuration of the robust control strategy.

In the H, channel, W1(s) is a low-pass filter used to reject
output disturbances while Wx(s) is a high-pass filter or simply
a small constant to prohibit excessive control efforts of con-
trollers. Ws(s) in the A, channel is also a high-pass filter to
guarantee robustness against system uncertainties. These fil-
ters are responsible for picking out the system dynamics with-
in frequency range of interest. Moreover, the sensitivity trans-
fer function between the disturbance input w and the measured
output y can be formulated to measure the impact of a disturb-
ance, as follows:

S(s)=(1-G(s)D(IK(s)) " )

Therefore, in the A, channel, the transfer matrix between w
and z; is given by

—_ :[ W, (5)S(s) }

’ W, (s)K(s)S(s)

By minimizing the A, norm |7, ,(s)||,, the resultant LDCs

will optimize the control effort as well as achieve output dis-
turbance rejection. Accordingly, as for the H, channel, the
transfer function between w and z_, is given by

Tuz, (8) =W;($)K(5)S(s) (11)

Similarly, the closed-loop system can enhance the immunity
of its stability by reducing the /. norm ||7,_(s)||_ in the pres-
ence of system uncertainties.

Considering the wide distribution of the AELs and the im-
plementation reliability of the designed controllers [27], a
multi-stage mixed H,/H,_, robust control strategy is proposed
in this paper to design the decentralized LDCs in a sequential
manner. Meanwhile, to effectively suppress the inter-area os-
cillations, the relevant inter-area modes should be located in
the proper region of the complex plane, such as the D-contour
shown in Fig. 7. Therefore, a multi-stage region pole place-
ment (RPP) is proposed to step-by-step shift inter-area modes
into the final desirable region. Specifically, each stage of the
optimization updates the desirable region by gradually narrow-
ing it, as illustrated in Fig. 7, so that the damping burden can
be allocated for different LDCs. The shadow region confined
by the D-contour in Fig. 7 can be described as an LMI and
expressed as follows:

DZ{ZECZ fo(z2)=L+2zM +2M <O}

(10)

-2a 0 0 —2a 0 0 (12)
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Step 3 SlepZ
Fig. 7. llustration of the multi-stage D-contour.

At each stage of the design, one LDC is derived by the pro-
posed mixed H,/H, robust control strategy, which can be
formulated as follows:

2 2
min o[, Of +o 1., ©f )
s.t. reD
where w,, and w, are the weights for the A, and H, perfor-
mance, respectively. Here, these two weights make clear sens-
es to impact final control results. For example, large w,, will
tend to enhance the robustness of the resultant LDCs against
uncertainties but it possibly leads to relatively poor transient
responses of the system and also excessive damping efforts
from the controlled AELS; w, however plays just opposite role
in affecting the control results. Therefore, by using these gen-
eral properties as the guideline, the trial and error method can
also efficiently adjust w,, and w, to fulfill the desired control
objectives [26]. A is the set consisting of the closed-loop sys-
tem’s poles of concern.

B. Design Procedure of the Decentralized LDCs

1) Small signal analysis of the open-loop power system: Lin-
earize the open-loop power system model at the nominal
operating point, identify the critical inter-area modes, and
select the most effective wide-area feedback signals for
damping control,;

2) Shaping of the closed-loop system: A reduced-order mod-
el G(s) of the open-loop power system is obtained by the
Schur method [28] to synthesize the low-order LDC.
Three weighted filters in Fig. 6 are also chosen and the
closed-loops are shaped;

3) Solving the optimization model: By adjusting the weights
of w,, and w, in (13), robustness and control efforts of the
closed-loop system can be flexibly and feasibly assigned.
Then, via the robust control toolbox of MATLAB®, this
optimization model (13) can be solved and the resultant
robust LDC obtained.

4) Iterative progress through nonlinear time domain simula-
tions: The control efforts of the resultant LDCs should be
checked to see whether the controlled VDLs are exces-
sively exerted. If so, the weights w,, and w, should be
properly adjusted and Step 4 repeated until this issue is
resolved. Similarly, the required damping effects and ro-
bustness can be obtained through the time domain simula-
tions and iterative tuning of the weights.

Due to the sequential design, once a robust LDC is derived
via Steps 1-4, the open-loop system model is updated and the
RPP is also narrowed (Fig. 7). Those preparations precede the
design of the next LDC, which follows the same steps.



V. SIMULATION RESULTS AND ANALYSIS

The classic 5-area 16-machine test system (known as the
New England and New York interconnected system [29]), as
shown in Fig. 8, is used to exhibit the load damping effects
presented in Section Il and validate the proposed robust load
damping control design. Three DFIG-based wind farms W1,
W2, and W3 with capacities of 800, 800, and 1200 MW, re-
spectively, are additionally connected at Bus-68, -39, and -18
in this benchmark system. All these wind farms are comprised
of a same type of wind turbines with the active power capacity
of 2 MW (the parameters of the wind turbine are shown in
Appendix B). In particular, each wind farm is aggregately
represented by a single wind turbine during the simulation,
according to the aggregation method introduced in [30].
Moreover, the active power loads of Bus-68, -39, and -18 are
increased by 800, 800, and 1200 MW, respectively [31].
Computing the eigenvalues of this modified system shows
four poorly damped inter-area modes of oscillations (identified
by M1, M2, M3, and M4).

Fig. 8. Modified New England and New York interconnected system.

A. Investigation of Damping Effects from VDLs

Two operating conditions of the multi-machine system are
employed in this investigation:

Case 1 — Stressed Condition: High gain (Ka=200) and in-
sensitive excitation systems (T.=0.36 s) [18] are used for all of
the generators; one tie-line between Bus-53 and -54 and one
tie-line between Bus-60 and -61 are switched off.

Case 2 — Normal Condition: All of the generators are
equipped with excitation systems of the IEEE-DC1A type
(Ka=20 and T.=0.05 s) [18] and all of the loads are decreased
by 10%.

Compared to CP loads, which consume constant power ir-
respective of terminal voltage deviations, Cl loads are sensi-
tive to terminal voltage. Therefore, it is assumed that all loads
in the test system are composed of Cl and CP loads with pro-
portions S and (1-p), respectively. As S increases from 0 to
100%, the root loci of the four inter-area modes (eigenvalues)
in the two cases move as depicted in Fig. 9, where arrows
show the directions of the modes. The four inter-area modes in
Case 1 move to the right as g increases. Specifically, M1 and
M2 even move to the unstable region. Such results demon-
strate that, under stressed conditions, VDLs impair the damp-
ing of inter-area oscillations in power systems. In contrast, the
leftward movements of the inter-area modes in Case 2 indicate
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that VDLs in normal operating conditions have positive im-
pacts on the inter-area modes.

Nonlinear time domain simulations are conducted to con-
firm the above modal analysis. After a small disturbance, Fig.
10 illustrates the oscillation curves for the angular speed (w13)
of G13, voltage amplitude (Vi7) of Bus-17, and active power
consumption (P17) of the CI loads at Bus-17. Clearly, w13 and
Pi7 are almost anti-phase when 100% CI loads are used in
Case 1. According to Section Il and Fig. 2, this indicates that
the ClI load at Bus-17 induces a negative damping torque on
the shaft of G13 and thus weakens the damping of inter-area
modes. However, Fig. 10 shows the phase difference between
w13 and P17 is less than 90° when 100% ClI loads are also em-
ployed in Case 2. Therefore, the damping torque of G13 is
additionally reinforced by the loads.
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Fig. 9. Root loci of four inter-area modes in two cases.
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B. Application of Robust Decentralized LDCs

Reference [29] specifically addresses the infeasibility of in-
stalling PSSs in the four largest machines (G13-G16) to damp
the inter-area oscillations because these machines are actually
aggregated models. Thus, the alternative solution proposed in
this paper to modulate large-capacity VDLs (as an replace-
ment of PSSs installed in G13-G16) for damping control is an
exact fit for this test system.

It is supposed that three AELs (AL1, AL2, and AL3), se-
lected as typical controllable VVDLs, are integrated into the test
system (Fig. 8). Specifically, three AELs hypothetically plac-
ing at Bus-17, -27 and -42, respectively, are just for validating
the effectiveness of the proposed control design. In Area 4, the
load replaced at Bus-42 by AL1 is 970 MW (out of the origi-
nal 1850 MW); in Area 2, a portion (730 MW) of the original
load (6000 MW) at Bus-17 is replaced by AL2; and, in Area 1,
the original load connected at Bus-27 is replaced by AL3 with
the same capacity of 640 MW. The models and parameters of
the AELSs are based on studies of an isolated power system in
Inner Mongolia, China [11]. Moreover, each AEL is assumed
to be accompanied by an MCR so that its terminal voltage can
be rapidly and smoothly regulated. At the nominal operating
point, power outputs of three wind turbines are supposed to be
their expected values (EVs): 400, 400, and 600 MW, respec-
tively.

Three damping controllers LDC1, LDC2, and LDC3, de-
signed by the proposed strategy in Section 1V, are locally in-
stalled with AL1-AL3, respectively. The voltage-phase angle
os1 of Bus-51 is selected as the feedback signal to LDC1 while
the voltage-phase angle 617 of Bus-17 is the effective feedback
signal for LDC2 and LDC3, based on the residue analysis at
the nominal operating point [28]. Thus, it is noted that the
implemented damping control has employed a typical quasi-
decentralized control architecture which is characterized by
utilizing remote signals to enhance the effectiveness of con-
trollers installed locally with controlled devices, such as VDLs
[32]. The time delays of the feedback loops are commonly
assumed to be 150 ms [33]. Additionally, the three weighted
filters in Fig. 6 are given by

30 10s

M) =50 sro0 Y
The parameters (i.e. time constants) of these filters are select-
ed according to their cut-off frequencies which should be de-
cided by considering the frequencies of critical modes of in-
terest [28]. For example, frequencies of inter-area power oscil-
lations are generally (not strictly) lower than 1.5 Hz (e.g. the
four concerned inter-area modes in the test system). According
to the loop shape (Fig. 6), the cut-off frequencies of the low-
pass and high-pass filters (Wa(s) and WSs(s)) should be larger
than 1.5 Hz. Therefore, as these filters are already selected to
be first-order filters in order to reduce the computational com-
plexity, their parameters are then readily calculated according
to the cut-off frequencies. Moreover, the weights w,, and w, in
the optimization model (13) are set to 0.55 and 0.45, respec-
tively, to simultaneously account for the robustness and re-
quired damping performance. The three LDCs are sequentially
synthesized by three stages, and the damping ratio used for

W, (s)=0.5 Ws(s) =

7

constructing the gradually compressed LMI region (Fig. 7) is
0.1, 0.125, and 0.15, respectively, for these stages. By solving
the optimization model (13), the transfer functions of three
LDCs are obtained, as follows:

0.095s" +10.125° ~69.685” + 25,875 +0.004 (15

s* +1.701s% + 22.79s% + 20.825 +0.0005
0.030s" +5.6505° +64.825” +14.575+0.005 (1g)
s* +3.084s% +6.574s% +0.032s

3.7265% +354.55° 182652 + 41895 — 795.8 a7

s* +3.294s% + 75.8152 +5.9815 + 2.402

As a comparison to the proposed design, the case where the
generators G1-G12 are equipped with local PSSs [29] for the
damping control is simulated. Moreover, the local PSSs which
use the generators’ rotor speeds as the feedbacks signals are
also optimized based on a modal decomposition method pro-
posed in [34] where detailed information about this designed
method can be found. At the nominal operating point, eigen-
values of the closed-loop power system are computed and
shown in Table 1l (operating point 1). With the installation of
the local PSSs, M1 and M3 are slightly shifted left and still
poorly damped while the damping ratio of M4 is only 0.077
(less than the required value 0.15). However, the robust LDCs
can make the damping ratios of all four inter-area modes suf-
ficient (more than 0.15), which indicates the proposed design
for VDLs is highly effective at enhancing damping ratios of
inter-area modes.

Time domain simulations are conducted to further demon-
strate the effectiveness of the proposed control strategy. An
instantaneous three-phase short-circuit fault occurs at Bus 60
at 1.0 s that self-clears 100 ms later. In particular, the main
purposed of using this fault is to drive the system states deviat-
ing from the equilibrium point so that the post-fault system
dynamics can be utilized for the verification of control effects
[29].The relative power angles of different generators can be
used to clearly observe the dynamics of the four inter-area
modes, as shown in Fig. 12. In the case with the local PSSs,
the oscillations of M1 and M2 barely subside and the oscilla-
tions of M3 and M4 are slightly suppressed but do not disap-
pear within 10 s. In the case with the proposed LDCs, however,
the oscillations of four inter-area modes, especially M1 and
M2, are all satisfactorily damped within 10 s.

Moreover, as mentioned in Section I11-B, the control efforts
of the robust LDCs should be evaluated to prevent excessive
damping modulation and maintain safe operation of the con-
trolled AELs. The dynamics of the active power consumed by
AL1 to AL3 are plotted in Fig. 13, where the dashed horizon-
tal lines denote their upper and lower boundaries specified for
the power modulation. At the nominal operating point, the
active power curves of AL1 to AL3 almost consistently stay
within the boundaries, with the exception of the short fault
period (100 ms). Compared to the case without any damping
controller, the active power of AL1 to AL3 becomes more
fluctuant due to the LDCs. Therefore, the controlled AELs
must sacrifice their transient dynamic performance to meet the
demands of the damping efforts. However, from a long-term
viewpoint, quickly damped oscillations and stable operation of

Hipci(s) =0.76

H| pc2(s) =0.56

H pc3(s) =0.52




the system are the tradeoff for such sacrifices because the lo-
cal PSS-controlled system (or the open-loop system) has un-
acceptable (even unstable) dynamics.
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Fig. 12. Power angle oscillations (solid line: proposed robust LDCs; dotted
line: local PSSs; dashed line: no controller).
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C. Verification of Robustness

To verify the robustness of the LDCs, five representative
operating points in terms of different wind generations and tie-

line outages are simulated in this paper, as shown in Table I.
TABLE|
REPRESENTATIVE OPERATING POINTS

Op ef‘atmg Nominal operating point.
point 1
Tie-line outage between buses 53-54;
Operating | Total loads in Area 1 are increased by 5%;
point 2 Power output of W1 is 800 MW and power outputs of W2 and
W3 are the EVs.
Tie-line outage between buses 18-49;
Operating | Power outputs of W1 and W2 are the EVs and the power output
point 3 of W3 is 1200 MW;
The power of tie-line 18-50 increases from 1200 to 1800 MW.
Operating | Power outputs of W1, W2, and W3 are 800, 800, and 100 MW,
point 4 respectively.
Tie-line outage between buses 60-61;
0 . Power outputs of the three WGs are all 100 MW;
P ef‘atmg An instantaneous three-phase short-circuit fault happens in tie-
point 5 line 40-41 at 1.0 s and is cleared 100 ms later by tripping this
line without reclosing.

Eigenvalue analysis of the closed-loop power system under
the five operating points is conducted, with the damping ratios

of the inter-area modes shown in Table II. At all of the operat-
ing points, the damping performance of the robust LDCs is
better than that of the local PSSs. Although damping ratios of
some inter-area modes slightly decrease as the operating point
deviates from the nominal one, they are still greater than 0.1
when the LDCs are installed. Nonlinear time domain simula-
tions are also conducted, with the most inferior power angle
dynamics of the inter-area modes at each operating point indi-
cated in Fig. 14. Obviously, even under the emergent operat-
ing conditions (i.e., operating points 2-5), the LDCs outper-
form the local PSSs to provide quite satisfactory damping ef-
fects on the inter-area oscillations. In particular, due to the
large energy of the disturbance (without reclosing fault tie-line
40-41) at operating point 5, the output of LDC1 is saturated
and the active power of AL1 simultaneously reaches its floor
(lower boundary), as shown in Fig. 15. Therefore, the above
linear (eigenvalue) analysis and nonlinear simulation results
are solid evidence of the excellent robustness of the proposed
LDCs.

TABLEI
RESULTS OF EIGENVALUE ANALYSIS OVER MULTIPLE OPERATING POINTS
Operating Damping Ratios
Points M1 M2 M3 M4
1 LDC 0.205 0.153 0.156 0.208
PSS 0.064 0.034 0.060 0.077
0.154 0.108 0.199
0.034 0.032 0.072
0.150 0.161 0.168
0.132 0.116 0.148
0.129 0.186 0.205
0.005 0.052 0.076
0.143 0.122 0.198
0.044 0.034 0.114
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D. Effects of Time Delays

To investigate the impacts of time delays on control effects
of inter-area oscillation modes in power systems, simulations
with different time delays are performed. As pointed out by
[35] and [36], the communicating time delay is generally less
than 300 ms for the wide-area control in practical power sys-
tems (e.g. China Southern Power Grid). Accordingly, five
time delays are selected when the test system is at the nominal
operating point, as shown in Table Ill. It can be found that the
proposed LDCs show favorable robustness and have sufficient
damping control performance subjected to different time de-
lays. Meanwhile, because the time delay of 150 ms is consid-
ered during the design of LDCs (Subsection V-B), the damp-
ing ratios of the four inter-area modes are overall better than
those in the other cases of time delays. Besides, the impacts of
time delay on these modes are also dependent on their fre-
quencies. As for M1, due to its lower frequency, the time de-
lay can result in less phase lag of the wide-area feedback sig-
nal and consequently less adverse impacts. In contrast, the
frequency of M3 is higher so that the time delay can cause
more phase lag which obviously brings more impacts on the
control results of this mode. Furthermore, the nonlinear time
domain simulations also verify the above analysis, as shown in
Fig. 16. Compared to the small distinctions among dynamic
curves of d15-d13 which are dominated by M1, the larger time
delay induces more apparent fluctuant dynamics of dg-d13 be-
cause the damping ratio of M3 is more obviously deteriorated.

TABLE 11
EFFECTS OF DIFFERENT TIME DELAYS ON THE FOUR INTER-AREA MODES
Time Delays Damping Ratios
(ms) M1 M2 M3 M4
0 0.203 0.154 0.141 0.182
75 0.208 0.155 0.150 0.193
150 0.205 0.153 0.156 0.208
225 0.197 0.150 0.127 0.187
300 0.186 0.145 0.098 0.158
50 ‘ -o-r:Oms‘—-— 1:75ms‘ e 7 =150mS -

=t 7 =225MS == 7 =300mMs

Time(s
Fig. 16. Power angle oscillations dominate(d)by M1/M3 under different time
delays.

The robustness of proposed LDCs against time-varying de-
lays is also simulated. The dynamic of active power carried by
the key tie-line 53-54 is typically selected and illustrated in
Fig. 17. It is seen that when the time delay is changed from
225 ms to 300 ms the power oscillation will quiet down with
relatively slow speed. However, as the time delay decreases to
150 ms, the power oscillation can be quickly damped. Particu-

9

larly, missing communication data is also a common yet inevi-
table issue which may obviously deteriorate the control effects.
Thus design of damping controllers which are robust against
the feedback data missing is an important direction to improve
the studies of this paper in the future.
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Fig. 17. The oscillation of active power in the key tie-line 53-54 with time-
varying delays.

VI. CONCLUSION

This paper mathematically investigates the mechanism of
the influence of VDLs on inter-area oscillations in power sys-
tems by complex torque analysis. It concludes that, under
stressed system operating conditions, the VDL is more likely
to deteriorate inter-area modes. To address this issue, a novel
damping control architecture based on typical large-scale
VDLs, i.e., AELs, is proposed to improve the damping of in-
ter-area oscillations. Specifically, such architecture uses the
decentralized wide-area LDCs to supplementarily control the
AELs. Moreover, a multi-stage robust design method is ap-
plied to synthesize the LDCs. Simulation results conducted on
the modified New England and New York interconnected sys-
tem validate the correctness of the torque analysis and verify
the effectiveness and robustness of the proposed load damping
control strategy. Hence, the proposed damping control for
large-scale VDLs can be regarded as a potential solution to the
challenging issue of poorly-damped inter-area oscillations in
modern power systems.

APPENDIX

A. Definitions of K;-Ks Coefficients

According to the linearization process shown in [18]-[20],
the SMIB model in Fig. 1 can be linearized based on follow-
ing coefficients:

Xo=Xi. o, . V oS 9,
1=Xq'—+XquOVSIn5O+ X 1 0 qu
d t q t
X, + X, X'+ X
K,=—%tiy, K =t lt
Xy + X, Xy + X,
Xy=Xio, .
s =—+——%Vsing, (18)
Xy + X,
X X! .
K, = v V49 €088, ————V,,, Sin G,
Vio | Xg + X, Xq+X,
K, :\ﬁ—xl
Vo Xg+X,

where Xg and Xq are the d-axis and g-axis synchronizing reac-
tances, respectively, of the generator and X is the transient

reactance; X; is the external reactance; J is the rotor angle of
the generator; iy is the g-axis component of stator current; Vi



and Vi are the d-axis and g-axis components, respectively, of
the terminal voltage V:. The subscript ‘0’ means that the asso-
ciated variables are calculated as the system is at the steady
state. It can be found that the coefficient Ks can be either posi-
tive or negative, which is related to the operating condition of
the system. For instance, when the system load is heavy, the
rotor angle ¢ will be large and consequently lead to negative
Ks.

B. Parameters of the Wind Turbine Generator

This paper employs the DFIG-based wind turbine with the
structure given in [37] and the parameters on base of machine
ratings 2.24 MVA and 690 V as follows: cut-in wind speed w.
in = 4 m/s; rated wind speed wrae = 13 m/s; cut-out wind speed
we-out = 25 M/s; wind turbine radius R = 46.7 m; stator winding
resistance Rs = 0.0116 p.u.; stator inductance Ls = 0.0229 p.u.;
inertia time constant of wind turbine H, = 3.9 s; damping coef-
ficient D,, =0.02 p.u..
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