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Abstract

During symmetrical faults in photovoltaic (PV)-integrated distribution networks, induc-
tion motor (IM) deceleration elevates reactive-power demand and delays post-fault volt-
age recovery, whereas conventional voltage-driven support can withdraw prematurely
upon initial voltage rebound. To resolve this mismatch, this paper proposes a coordinated
transient voltage support (CTVS) strategy that explicitly incorporates IM electromechan-
ical dynamics. A coupled differential-algebraic equation (DAE) model integrating third-
order IM dynamics, distributed PV (DPV) DC-link dynamics, and network power balance
is formulated, from which a trajectory-local closed-loop Q-V sensitivity is derived to char-
acterize location-dependent support effectiveness. The CTVS controller coordinates criti-
cal-bus voltage magnitude, voltage-decrease rate, and rotor slip through fixed spatial par-
ticipation coefficients under local converter current limits and DC-link voltage feedback.
Case studies on a modified IEEE 33-bus feeder under Bus-32 three-phase faults demon-
strate that, for the representative 140 ms fault, CTVS suppresses post-fault secondary volt-
age depression and reduces the sustained recovery delay to 23.85 ms, compared with
342.30 ms for local low-voltage ride-through and 390.85 ms for adaptive Q-V droop con-
trol. Matched ablations identify slip-conditioned support persistence as the principal con-
tributor to sustained voltage recovery, whereas the fixed spatial coefficients provide a lo-
cal allocation advantage under unsaturated conditions rather than a separate large-dis-
turbance recovery benefit under the tested conditions.

Keywords: distributed photovoltaics; induction motor; transient voltage support;
symmetrical short-circuit fault

1. Introduction

The rapid deployment of distributed photovoltaic (DPV) generation is transforming
distribution feeders into active networks that provide voltage regulation and dynamic
support. Unlike conventional synchronous generation, DPV units are interfaced through
power-electronic converters with limited overcurrent capability and little inherent physi-

Symmetry 2026, 18, 1859

https://doi.org/10.3390/sym18111859



Symmetry 2026, 18, 1859

2 of 32

cal inertia, changing the mechanisms and time scales of power-system stability [1,2]. Un-
derstanding transient voltage behavior therefore requires consideration of the interaction
between converter control and dynamic loads during faults.

During symmetrical short-circuit faults, voltage sags activate low-voltage ride-
through (LVRT) reactive-current support, whose effectiveness is constrained by converter
current limits and DC-link energy accumulation [3-5]. Meanwhile, induction motor (IM)
loads can decelerate as electromagnetic torque falls below load torque. The resulting in-
crease in slip and reactive-power demand can deepen voltage depression and delay post-
fault recovery [6-8]. Although fast converter support can mitigate fault-induced delayed
voltage recovery (FIDVR) [9-11], its effectiveness also depends on the electrical distance
between DPV sites and the critical motor bus. Effective transient support must therefore
account for converter capability, motor recovery, and spatial feeder coupling.

Existing studies have addressed these issues from several perspectives. Local and
two-layer Volt/Var control, coordinated active-power curtailment and tap changing, and
storage scheduling regulate voltages under high PV penetration [12-16]. Sensitivity-based
optimization, robust control, and model predictive control further address spatial cou-
pling and operating uncertainty [17-20], primarily for steady-state or quasi-steady-state
regulation. Dynamic load studies characterize IM responses during voltage sags [6-8],
while dynamic PV control, smart-inverter support, and PV-STATCOM compensation ad-
dress short-term voltage recovery [9-11]. Recent work also considers load dynamics and
converter siting in grid-support optimization [21], and adapts reactive-voltage regulation
to available converter capability [22]. However, voltage-driven support can decrease after
voltage rebounds while the motor is still re-accelerating. This mismatch motivates explicit
motor-state feedback and an assessment of its contribution relative to spatial allocation
under common converter constraints.

To address this issue, this paper proposes a coordinated transient voltage support
(CTVS) method incorporating IM dynamics. A differential-algebraic model couples third-
order IM electromechanical dynamics, DPV DC-link dynamics, and network power bal-
ance. A trajectory-local closed-loop Q-V sensitivity characterizes location-dependent sup-
port effectiveness. The controller combines critical-bus voltage magnitude, voltage-de-
crease rate, and motor slip through fixed site participation coefficients, with local current
limits and DC-link voltage feedback. Case studies on a modified IEEE 33-bus feeder com-
pare CTVS with local LVRT and adaptive Q-V droop control under matched conditions.
Controller ablations and spatial-response tests distinguish the contribution of slip-condi-
tioned support persistence from spatial allocation, while DC-energy audits and motor-
parameter variations clarify the associated trade-offs and operating scope.

Coordination denotes shared critical-bus voltage-slip feedback and multi-site execu-
tion under common converter constraints; the spatial coefficients remain fixed. Perfor-
mance is evaluated for the modified feeder and Bus-32 three-phase faults in Section 5.

2. Dynamic Modeling of DPV-IM Integrated Distribution Networks
2.1. Dynamic Modeling of DPV

The DPV model includes AC power exchange, LVRT support, current limits, and DC-
link energy. For unit i rated at Si, amplitude-invariant dq variables give:

P = %(ud,iid,i + uq,iiqsi)
3 @

0= E(“q,il(},i - ud,ilq,i)

where uai, Uy, isi, and iyi are physical peak PCC-voltage and converter-current compo-
nents, with current positive into the network. When the d-axis aligns with voltage, positive
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reactive injection requires negative signed g-axis current; the nonnegative support current
in Section 4 uses its negative after per-unit conversion. The rated rms current base is

S/ (\/gVLL,,-), with rated line-to-line voltage ViLi and peak-base multiplier V2.

Under normal operation, the active-power reference follows the maximum power
point tracking (MPPT) command. During a voltage sag, the LVRT controller increases the
reactive-current reference to support the terminal voltage:

iy ==FE ()

2
070 @

where Vi is the per-unit PCC voltage magnitude and Fi denotes the nonnegative LVRT
reactive-support characteristic. The corresponding positive support-current magnitude is
used in the control formulation of Section 4.

The converter-current references must satisfy their device/thermal limit:

2 2
. pu . pu 2
(ld,i ) + (lq,i ) < Imax,i (3)

where ] uses the site-rated current base; reactive priority leaves the residual capabil-

ity for active transfer.
Using consistent three-phase power and current bases, the capability constraint at
per-unit terminal voltage Vi becomes:

2 2
i 9
[EJ + [EJ = (Vilmax,i )2 (4)

Reactive support can curtail AC active transfer and charge the DC capacitor through
the power imbalance:

Cdc‘iUdc‘i dt L= Pdc,i _Bic,i (5)

Here Cici and Ui are capacitance and DC voltage, while Paci and Pui are DC input
and modeled AC output powers. With losses neglected, positive imbalance charges the
capacitor. The simulation uses an averaged P/Q interface, so P, is the assigned interface
power rather than an independent PWM/PCC measurement.

2.2. Induction Motor Transient Modeling

A third-order IM model explains the voltage-slip mechanism; the time-domain
model retains the full electrical states of a single-cage SPS machine without assuming ex-
act reduction. Magnetic saturation and stall protection are absent.

The state variables of the IM are defined as:

xw=[E E s| ©6)

The states E', and E', are transient internal voltages, and s is rotor slip.

Under a synchronously rotating dg reference frame, with stator current positive into
the motor, the transient internal-voltage dynamics are expressed as [7]:

dE,  Ej+(X,- X)),

+tso E,

« 3 @)
dE,  E,—(X,-X"i, ,
—=—————50,E,

dt T
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’
where T is the transient open-circuit time constant, X; and X' are the synchronous
and transient reactances, is and i; are the stator-current components, and @, =27z f is the

synchronous electrical angular speed in rad/s when physical time is expressed in seconds.
The electrical variables are represented on a consistent motor per-unit base.

Under the same dg and current-direction conventions, the corresponding stator alge-
braic equations and electromagnetic torque relation are:

vy =Ey+Ri, - X,
v, =E;+Ri, +Xi, 8)
T,=Ey, +Ei,
where Rs is stator resistance and T is electromagnetic torque on the motor per-unit base.
The mechanical dynamics are described by the torque balance equation:
ds T,-T,

w _m e 9
dt  2H ®)

where H is the inertia constant in seconds, and T and T. are the total opposing mechanical
torque and electromagnetic torque expressed on a common per-unit torque base. The op-
posing torque includes the external mechanical load and viscous friction. In the imple-
mented model, the external load torque is constant at 1850 N-m, and the viscous friction
coefficient is 0.02 N-m-s. The total opposing torque is converted from 7, ,, + Bw, to per
unit using the torque base T, =S, /w, . The inertia constant is defined as

H =Jw?, /(25,), where J is the rotor inertia, S~ is the motor rated apparent power, and

o, isthe synchronous mechanical angular speed. For the implemented 315 kVA motor

with J =6kg-m?> and two pole pairs at 50 Hz, H ~0.235s.
Slip is defined as:

(10)

Oy =

a)S
@
p
where @, is mechanical rotor speed and p is the number of pole pairs, linking mechanical

and electrical speed bases.
For the third-order model, reactive-power demand depends on the terminal voltage
and electromagnetic states:

Om =hn (V,0,%X1m) (11)

where V and 6 are the terminal-voltage magnitude and angle in the adopted synchro-
nous reference frame. The function #4,, is determined from the stator algebraic equations

and the reactive-power relationship 9,,, = v with positive reactive power denot-

gla = Valgs
ing motor consumption.
Let v, =Vcos@, v, =Vsind, and p, = Rr?+ x> . Substituting the stator algebraic

equations into the reactive-power relationship gives:
’ 2 ’ ’ ’ '
X[ V2 =vEy=v,Ey |+ R [ v, By ~v,E} ]
D,

s

(12)

On =

Accordingly, linearization along the operating trajectory yields:

https://doi.org/10.3390/sym18111859



Symmetry 2026, 18, 1859

5 of 32

oh oh oh
AQp = —MAY + M A G 4 M Ay
T 00 oy M (13)

To evaluate Equation (13), let a=E; -cos@+E, -sin6, b=E, -cosf—E,-sind, and
D, =R>+x".With h, =0h,, /0z and the other independent variables fixed, differentia-

tion of Equation (12) gives the voltage derivatives:

X'(2V —a)+R.b
By =2~ — 27

(14)

T
The derivatives with respect to x,, = [E;,E;,s] are:

V(X'cos@+R, sin6)
hy =-
‘ D,
V (R, cosf—X'sin6)
hg, = (15)

At a selected smooth trajectory instant to, Equations (14) and (15) are evaluated at
V9.0, Ej 0. E} o-5,) , where each subscript-0 quantity denotes its value at #o. These deriva-
tives provide the IM reactive-demand contributions to the algebraic Jacobian used in the
Schur-complement reduction in Section 3.1. The other independent variables, network to-
pology, reference phasor, converter-limit active set, and controller/filter memories are
fixed during differentiation; switching instants are treated piecewise. Although s, =0,
slip affects reactive demand through Equation (7). Appendix C checks all five derivatives
at three explicitly specified algebraic test states.

Without saturation, thermal protection, or mechanical stopping, § >1 is only a qual-
itative numerical non-recovery indicator; the physical scope is detailed in Section 5.5.

2.3. Network Modeling and DPV-IM Coupled DAE

A unified DAE couples converter and motor states through the feeder algebraic
power balance.
For a balanced n-bus network, the complex nodal current and voltage vectors satisfy:

I=Y,,V (16)

where I and V are complex phasor vectors and Ybus is the nodal admittance matrix. For
impedance-based sensitivity calculations, the source voltage is fixed and the reference bus
is eliminated. Partitioning the nodal equations gives I, =Y,, V, +Y,,V, . The corre-

sponding reduced impedance and voltage relationships are:

—1
Zred - YLL

17)
V., = Zred (IL _YLOVO)

The subscript L denotes nonreference buses; Vo is the fixed source phasor and Yio
retains its coupling to those buses. Only the nonsingular reduced admittance is inverted
[17,19].
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In polar-coordinate form, the nodal voltage vector is expressed as:
. . . T
V=[ne e, e ] (18)

where the reference-bus angle is fixed, and only nonreference-bus voltage variables are
retained in the reduced algebraic system.

According to the nodal power-balance relations, the active and reactive power bal-
ances at bus k satisfy

PkPV - PkIM - PkL = Vk z Vm (ka COS ekm + Bkm Sin Hkm )

m=1

., (19)
oY -0 -0 =, Z Va (ka sin 6, — By, cos 0, )
m=1

where Gin and Bin are the real and imaginary parts of the admittance matrix, and
6,, =6, — 0, . Positive DPV power denotes injection, whereas IM and static-load powers
denote consumption. All powers are expressed on a common network base.

The DPV powers in Equation (19) follow the voltage-dependent dq relationships in
Equation (1), linking them to the separate currents in Equation (19). For the averaged in-

terface, Py =S,V ;viy; and Q, =8,V ;-iy ;5 iy ;

is the nonnegative reactive-sup-
port magnitude. Positive support corresponds to a negative physical g-axis current under
voltage-oriented control, with its magnitude expressed on the stated site current base.

These site-per-unit products include §; once and are divided by the common network

power base before substitution in Equation (19).
The retained differential states are:

x=[xh. 10 ] (20)

The analytical states comprise reduced motor states xm and DC states xac, with con-
troller states appended when retained. The SPS simulation retains its full motor electrical
states.

The algebraic variables are defined as:

T
y= [GT > VTa i;,PV > ig,Pv :| (21)

Here 0 and V contain the nonreference-bus voltage angles and magnitudes, while

i,py and i, ,, are the separate averaged-interface current variables. The latter denotes

the nonnegative reactive-support magnitude; positive support corresponds to a negative
physical g-axis current in Equation (1), with the magnitude converted using the stated site
current base. Other auxiliary algebraic variables are collected in z.

Therefore, the DPV-IM distribution system can be expressed as:

x =f(x,y,u)

0=g(x.y.u) @2)

where f describes the differential dynamics, g contains the network power-balance and
device algebraic equations, and u contains control inputs and fault conditions. Converter
current limits are implemented through piecewise saturation laws rather than additional
equality constraints. Local linearization is performed within a fixed active set and ex-
cludes switching instants.

For the Schur reduction in Section 3, converter-current and auxiliary algebraic varia-
bles are grouped as:

y:[eT,VT,zT]T 23)
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where z collects the converter-current and auxiliary algebraic variables, with the reference
angle fixed before elimination.
Figure 1 summarizes the unified DPV-IM-network model established in this section.

Bus 1

Bus k
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(critical bus) three-phase
short-circuit fault

Bus n

~-ao— ;
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{t
; 5
load
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I
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I
|
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I
I
I
|
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Figure 1. Unified DPV-IM-network modeling for transient voltage interaction analysis under three-

10%17

phase symmetrical faults. The superscript “*” denotes a reference value.

3. Trajectory-Local Transient Voltage Dynamics and Q-V
Sensitivity Analysis
3.1. Reduced Q-V Mapping via DAE Linearization

At a selected trajectory point and fixed converter active set, Equations (22) and (23)
are written as:

x=1f(x,y,u)

0=g(x,y,u) @4

where x comprises the retained IM, DC-link, and controller states, while the algebraic var-
iables are organized as:

T
y:[GT,VT,ZT] (25)
Here, 0 and V are the nonreference-bus voltage-angle and magnitude vectors, and
z collects auxiliary algebraic variables. A first-order expansion of the algebraic constraints
at a fixed trajectory point gives:

0=G Ax+G,A0+G,AV +G_Az+G, Au (26)

All Jacobian blocks use that point and active set; switching instants require separate
linearizations.

Assuming that the relevant Jacobian blocks are nonsingular, the auxiliary algebraic
variables and voltage-angle perturbations are sequentially eliminated through Schur-
complement reduction. The resulting coefficients define the reduced Q-V Jacobian Jovand
the state-coupling matrix Hx. The reduced incremental relationship can be written as

AQ =1J,,AV +H Ax 27)

https://doi.org/10.3390/sym18111859
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The equivalent forcing AQ includes the specified active-power perturbations after
elimination. Equation (27) retains angle-induced active-reactive coupling and dynamic-
state dependence.

When Jov is nonsingular, the open-loop Q-V sensitivity matrix is defined as:

Z,=J, (28)

Neglecting higher-order terms, the nodal voltage perturbation is then expressed as:
AV =Z,(AQ - H Ax) (29)
Column j of Zo maps an equivalent reactive forcing at bus j with states frozen, before

local DPV feedback.
With independent active-power and nonmotor-state perturbations fixed, AQy, re-

places the motor contribution in H Ax without double counting:
AV =-Z,AQy +ZyAQyy (30)

where H, Ax represents the equivalent IM reactive-demand forcing and AQ,, repre-

sents controllable DPV reactive injection. Both are expressed in the nonreference-bus co-
ordinates.

When the DPV operates within a locally differentiable regulation region, its incre-
mental reactive-power relationship can be expressed as:

AQpy =-K; AV +B Au, (31)
Here Kprv represents instantaneous algebraic voltage dependence under the specified
interface model, and B. maps the independent support input. In the sampled implemen-

tation, holding the 50 s site-voltage memories fixed gives zero direct gain with respect
to current network voltage. The quasi-static reconstruction instead identifies the held in-

terface voltage with nodal voltage, giving K, = —diag(S_ i, j,O) at PV entries. This mod-

eled dependence is included once. Frozen voltage filters add no instantaneous control
gain.
Substituting Equation (31) into Equation (30) yields:

(1 +Z,Kpy ) AV =—Z,AQy +Z;B,Au, (32)
Define the closed-loop correction matrix as:
M =1+Z,K,, (33)

If M is nonsingular, the closed-loop algebraic response becomes:

AV=-M"Z,AQ, +M 'Z;B Au, (34)
The closed-loop Q-V support sensitivity matrix is therefore defined as:
S=MZ, (35)
Consequently,
AV =-SAQ,, +SB, Au, (36)

The entry Sy maps additive reactive forcing at bus j to voltage at bus k with algebraic
feedback closed and dynamic states fixed.

This differs from derivatives with respect to independently imposed realized Q and
evolving-state finite-horizon responses. Nonsingular M guarantees a local algebraic map-
ping, not dynamic stability.

https://doi.org/10.3390/sym18111859
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3.2. Spatial Propagation of DPV Reactive Support
For critical bus k, Equation (36) can be written componentwise as:
AV, =- Z SimAOnm + z S§,;00, (37)

meQ JEQpy

where Q,, and Q,, denote the IM and DPV bus sets, respectively. Here, AQ, ; is the
additive reactive-power command component represented by B, Au,_, rather than the to-
tal realized DPV reactive-power increment. The motor term represents the equivalent
state-dependent forcing defined in Section 3.1.

For a radial network represented by series branch impedances, with a fixed source
and negligible shunt admittances, the reduced impedance matrix admits a shared-path
interpretation. The self-impedance at bus j is:

(2l = 2.2, (38)

teF,;

while the mutual impedance between buses j and k is:

[Za), = 2 Z (39)

LeF, ;T x

where P, . denotes the path from the source tobus j, and Z, is the series impedance of

branch /.

Common-path impedance explains structural coupling, while operating voltage,
power coupling, load characteristics, and interface feedback determine the actual Q-V re-
sponse.

To quantify the location-dependent effectiveness of DPV reactive support, the sensi-

tivity from an additive reactive-power command at site j to the voltage at critical bus k is
defined as:

My ==~ =Sy (40)

where A denotes the fixed converter-limit active set. The equality holds when the sup-
plementary command is expressed as an additive reactive-power input on a consistent
system base.

A larger positive 5, . indicates a larger instantaneous critical-bus voltage response

to the same additive reactive-power command under the stated linearization conditions.
Consider two DPV sites ji and j2 providing equal additive reactive-power commands:
AQ.; = A0, (41)
Their corresponding critical-bus voltage responses satisfy

Ve Sk @)
AVey Sk,

provided the denominator is nonzero, the applied increments are sufficiently small, and

both responses are evaluated at the same operating point and active set.

If:
Sk * Sk (43)

equal nonzero reactive-power commands produce different incremental voltage re-
sponses at the critical bus. Therefore, identical reactive-power capability does not neces-
sarily imply identical voltage-support effectiveness.

https://doi.org/10.3390/sym18111859
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For candidate sites with positive support sensitivities, a normalized spatial sensitiv-
ity index is defined as:

ﬁ"”:ﬁ’ 0<7p; <1 (44)
meQpy

Positive sensitivities are normalized by their maximum, not their sum. Equation (44)
expresses relative local effectiveness, not optimal allocation; nonpositive gains are ex-
cluded from this ranking.

The normalized sensitivities characterize location-dependent support effectiveness
across candidate DPV buses. The implemented fixed site participation coefficients follow
the same unsaturated spatial ranking, with site-specific current bases accounted for, but
are prescribed controller parameters rather than exact evaluations of Equation (44) or
online sensitivity updates.

Power- and current-input derivatives require matching input maps. For additive ter-

minal-Q forcing, Equation (40) gives &; ; =77§‘8‘jjS V0. For the implemented equivalent

post-slew Q-command input with its local voltage filter frozen, &; = 77;33-5 jV_vf, 70+ The

two forms coincide only when their voltage references and input definitions coincide.
With an actual voltage-memory state held, its held voltage replaces nodal voltage in the
current-input map. Ratings use a common power base; current commands retain site-
rated bases. Quasi-static and held-voltage phasor checks are distinguished from finite-
horizon dynamics in Section 5.4.

Topology, capacity, operating point, and active constraints can change the sensitivi-
ties; Section 4.1 outlines a possible recalculation, while the implementation retains fixed
coefficients.

Section 5.4 separately checks reconstructed frozen-P/Q algebraic predictions and
evolving-state spatial responses.

3.3. Transient Recovery Boundary Under Converter Saturation and IM Dynamics

Under severe sags, current limits restrict additional support while motor slip evolves,
making recovery depend on converter capability and motor re-acceleration.
For the j-th DPV, the converter current must satisfy:

2 2 2
Iy j ¥y <L (45)

where Imaxj is the applicable converter current limit on its rated-current base.

Atan active current limit, a larger request need not increase realized current. Reactive
power still depends on voltage and active-current redistribution, so the unsaturated rank-
ing need not persist.

Meanwhile, the IM recovery process is governed by its mechanical state. From Equa-
tion (9), the slip dynamics satisfy:

a_I,-1, (46)
dt 2H

Here, T includes load and friction torque; re-acceleration requires sustained excess
electromagnetic torque. A temporary voltage rebound alone does not establish motor re-
covery.

Based on these characteristics, transient recovery is evaluated using both the critical-
bus voltage and IM slip.

The voltage-recovery condition is defined as:

https://doi.org/10.3390/sym18111859
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V/c (t) 2 Vrec’ te [tr’ L+ Thﬂld :| (47)

where Vi is the voltage threshold, t- is the beginning of a qualifying post-fault recovery
interval, and Thold is the required continuous holding duration.
The IM recovery condition is expressed as:

‘s(tf)—so‘ <&, Sy <Sp (48)

where smax is the maximum slip over the specified evaluation interval, sth is the slip screen-
ing threshold, so is the corresponding pre-fault slip, #is the final evaluation time, and ¢
is the final-slip tolerance.
Accordingly, joint transient recovery is defined by:
Vk (t) = Vrec

Cst = smax < Sth > (49)
|s(t )=S0

<&

Equation (49) combines sustained voltage recovery with the motor-state screening
conditions. In the case studies, V,,. =09pu., T, ,, =100ms, S, =0.5,and & =0.002. The
numerical criteria and observation windows are specified in Section 5.

Equation (49) is a finite-horizon recovery screen rather than a Lyapunov certificate or
universal stalling boundary. Section 5 distinguishes opening commands from extinction

times and treats §>1 trajectories only as qualitative numerical non-recovery indicators.

4. Proposed Coordinated Transient Voltage Support Strategy

Figure 2 illustrates CTVS. Critical-bus voltage magnitude, voltage-decrease rate, and
motor slip form a common support signal, distributed through fixed site coefficients. The
local stage applies reactive-current priority, assigns the residual current capability to ac-
tive power, and adjusts the active request through DC-link feedback.

Vg
4-ms filter ! ) - [ Offline sensitivity assessment | $
V20 /0.924 095 Prescribed site coefficients | o P |
: =025 w —1007# T 305 = N |
v W7 g = W2 Wy = M | X maxy, 13 m
w3 =095 | VR
+ Distribution network

Activation Saturation | | Slew-rate limit lﬂ | and IM dynamics [«
o or0 [0, 0.75] Fastin / slow out Critical voltage and slip

A

x
Onifv, <097 Paj =WiP Rise: 200 p.u./s

ors>0.028 Withdrawal: 25 p.u./s Voltage
memary
0.020 Voltage - slip support and spatial allocation 50 us

PV-side r.o; ¢
available power

Active-current headroom ig Active-power limit . P e
P = Vmax(0, 1 2 = (i 5;) %) LAl
15 DPV unit j vj
SV et v P! 7 P * (Averaged interface)
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Figure 2. Schematic diagram of the proposed CTVS control architecture and local converter-DC-

link coordination.
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4.1. Spatial Weighting and Reactive-Current Allocation

The local sensitivities in Equations (40) and (44) motivate location-dependent sup-
port coefficients.

For a common per-unit support signal p(t), the preliminary reactive-current refer-
ence at site j is:

 O=w0) 50)
Here w, is prescribed and the tilde denotes the unsaturated reference. The

k3
nonnegative support current Z,; is opposite to the signed physical g current. Site-specific

bases mean Equation (50) scales a common signal rather than allocating a fixed total cur-
rent or Q.
The local reactive-current limit gives:

i (t):nﬂn{w, o), iq,ﬁm,‘,} 1)

where i . . denotes the allowable reactive-current target. In the implemented control-

ler, the supplementary reactive-current target is capped at 0.75 p.u. and remains subject
to the converter current-circle constraint. Saturated requests are not redistributed to other
sites.

For critical Bus 30, the CTVS controller uses prescribed fixed participation coefficients
of 0.25 at Bus 18, 1.00 at Bus 30 (unit participation reference), and 0.95 at Bus 33. Rather
than representing online evaluations of Equation (44) or a global optimization solution,
these fixed constants reflect the unsaturated spatial-support priority across the three sites
and remain constant throughout the formal CTVS tests. Section 5.4 provides both frozen-
state algebraic checks and finite-horizon dynamic perturbation tests to quantify the local
support efficiency of these prescribed coefficients relative to analytical sensitivity weights
and uniform allocation.

Following a topology or capacity change, updated network parameters, operating-
point information, active constraints, and site bases would permit recalculation and nor-
malization of the local sensitivities before revising the coefficients. This is a possible ex-
tension; the tested controller retains fixed coefficients and implements no online update.

4.2. Voltage—Slip Coordinated Dynamic Regulation

Because voltage recovery can precede IM re-acceleration, CTVS combines the critical-
bus voltage deficit, voltage-decrease rate, and slip deviation to determine the required
reactive-current support.

The CTVS critical-bus voltage uses a first-order filter with a 4 ms time constant. Its

v
normalized control signalis v, = % ,where 7, . is the filtered absolute Bus-30 volt-

age in p.u. and 0.924 p.u. is a fixed control reference, rather than the measured pre-fault
voltage. The thresholds 0.95 and 0.97 apply to this normalized signal; the 0.90-p.u. recov-
ery criterion in Section 5 applies to the absolute bus voltage. The site-voltage filters use a
2 ms time constant. The voltage deficit is defined as:

e,()=[095-v.()], (52)

where [X] . =max(x,0) . The voltage-channel gain is k, =4.

The one-sided voltage-decrease rate is defined as:
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a0 =| - 250 (53)

Filtering precedes differentiation; ,, (;) vanishes when voltage stops falling. Be-
cause , (¢) has units p.u./s, k has the time dimension required for a per-unit current

contribution.
The slip deviation is expressed as:

e,(t)=[5(t)-0.020], (54)

where 0.020 is the control reference for motor slip, distinct from the measured pre-fault
slip so used in the recovery assessment. The slip-channel gainis &, =9.

The combined support signal is:
p(t) = ke, () + ke (1) + k., (1) (55)
With the adopted gains, Equation (55) becomes:
p(t) = 4e, (1) +9e, (1) +0.008r, (1) (56)

Slip feedback sustains support after voltage rebounds while the motor is still re-ac-
celerating.
Supplementary support is activated when either condition holds:

Yy < vtrig or s> Strig (57)

where v, =097 pu. and s, =0.028. When neither condition is satisfied, the supple-

mentary reactive-current target returns toward zero through the withdrawal rate limit.
After spatial scaling and target saturation, an asymmetric rate limiter shapes the re-
active-current command:

di’
9. o (58)

g down S dt q.up

The positive rise and withdrawal rates are:

I,y =200p.u./s

59
=25p.u/s 59

lq,down

Fast entry and slower withdrawal support motor re-acceleration; final current feasi-
bility is enforced afterward.

The overall execution sequence, from signal triggering to current-command genera-
tion, is illustrated in Figure 3.

4.3. Converter Current and DC-Link Coordination

The local stage applies reactive priority and DC feedback within the residual active-
current capability.
The converter current references at site j satisfy:

(i) +(i,) <i2, (60)

where ;. . is the applicable current limit on the site-rated current base. Under reactive-

current priority, the remaining active-current capability is:

a . 2
l':i[tj'x = \/maX |:O’i§1ax,j _(iq’j) :| (61)
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For the fair-condition comparisons, all controllers use the same fault-triggered cur-
rent-limit schedule: 1.20 p.u. during the first 0.40 s after fault inception and 1.10 p.u. there-
after. The overload timer is referenced to fault inception rather than accumulated control-
ler activation time.

Increasing reactive current reduces the current margin available for active-power
transfer. Figure 4 illustrates the corresponding operating points.

N
End of controlstep )
)

Figure 3. Flow chart of the proposed CTVS.

iy (pu.)

— Short-term limit(1.20p.u.)
B e=ee  Continuous limit(1.10p.u.)

~

Post-fault C
Operating point
\

Pre-fault
Operatingpoint‘ A

L I
L4

110 1.20 i (pa)
Figure 4. Schematic converter-current operating points during fault support and recovery.

The active-power reference is limited by the residual AC capability:
£ =min{max P e, ey ~Van N5 S Vo155 } ©)

where Pucj is the available DC-side power, Ui and Uuco are the actual and nominal DC-
link voltages, kic; is the DC-voltage feedback gain, S;is the site-rated apparent power, and
v; is the per-unit PCC voltage.

Positive DC deviation increases the active request within the remaining AC capabil-
ity. Any excess DC input still charges the capacitor; Equation (62) cannot enforce a hard
DC-voltage ceiling.

The active-current reference is calculated as:

3

. P
i, .= 63
d,j SijfJ ( )

€
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Normalized power (p.u.)

1.4 4

The implemented guard is V,; ; = max{v,,0.05}, and the inner maximum in Equation

(62) enforces nonnegative active power. Neither is an additional protection device.
The DC-link dynamics are expressed as:

U, Mtei _p_p 64
Ve =Fae; =B (64)

where Cucjis the DC-link capacitance and P; is the active power enforced by the averaged
AC interface after the applicable command limits. The stored-energy variation is deter-
mined by the resulting input-output power imbalance.

The 1320 V assessment threshold triggers no hardware protection. The 900-1600 V
numerical bounds do not represent physical dissipation; Section 5.3 separates their energy
corrections from unclamped compliance.

The corresponding active- and reactive-power responses during LVRT and recovery
are illustrated in Figure 5. The time labels #1 and f2 denote fault inception and the pro-
grammed fault-opening command, respectively; the latter is distinguished from the actual
current-zero extinction instant.

A. Pre-fault B. Fault / LVRT support : C. Post-fault recovery :
(MPPT operation) | (state-driven support) | (slow exit) |
| | |
| | 3 il edl @ e
| Reactive-current support is enhanced | P recovers grddually ad support is
\ I to assist PCC voltage and IM recovery| reduced and Uy is yestored

0.8 1

0.6 1

0.2 1

P=P,.=1.0 p.u. /

0 ~0p.u.

N

|
Q decreases gradually
(slow exit)

|

|

|

[

| |
|

|

|

: Active power is retained within

the remaining current margin and

—0.2 1

|
= Actiye power P
= Reactiive power Q
| |

|
|
|
DC-link capability :
|
|
|

»
2 l
(Fault inception) Time (Fault-opening command)

Figure 5. Active- and reactive-power responses of DPVs during LVRT and recovery dynamics.

5. Case Study

5.1. Simulation Setup and Evaluation Criteria

The modified IEEE 33-bus feeder in Figure 6 integrates three averaged-model DPV
units at Buses 18, 30, and 33 and a full-state single-cage SPS induction motor at critical Bus
30 (rated at 315 kVA, 400 V, 50 Hz, operating near 300 kW in the evaluated pre-fault con-
ditions). Table 1 summarizes the common system and controller settings. Appendices A
and C provide the equivalent-circuit, transformer, source, complete modified feeder, ini-
tialization, and numerical implementation data. The validation concerns the specified
Bus-32 three-phase faults; other fault locations, feeder topologies, and unbalanced faults
are outside the demonstrated scope.
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IM

, Three-phase 23 24 25 h——

symmetrical fault

Figure 6. Configuration of the modified IEEE 33-bus test feeder with DPV units and IM load.

A 40 s initialization warm-up precedes fault inception at physical time ¢, =4.0s

(displayed time axes are shifted by 3.8 s so that fault inception appears at 0.20 s). The
programmed fault duration d specifies the opening command ¢, =¢,, +d . Because cir-
cuit-breaker interruption occurs at phase-current zeros and individual phase-extinction
instants are not separately logged, post-fault recovery delays are referenced consistently
to temgq. Over the pre-fault interval [3.8, 4.0) s, the matched controllers share the same in-
itialized pre-fault condition, with a reported mean Bus-30 voltage of 0.918778 p.u. and a
mean motor slip of 0.017164.

Corrected Local LVRT (incorporating the unified overload schedule and filtered de-
rivative), literature-inspired Adaptive Q-V Droop [22], and Full CTVS share the identical
physical plant, initialization, DC-link feedback, current-circle limit, slew-rate limit, and
fault-triggered overload schedule from t,,. Their reactive-current reference generation
differs: Local LVRT differentiates the 2 ms filtered site voltage; CTVS uses its 4 ms critical-
bus channel normalized by the fixed reference 0.924 p.u. (v, =V, /0.924). The CTVS

thresholds 0.95/0.97 act on normalized vr, whereas Local’s 0.95 threshold and the 0.90-p.u.
recovery screen use absolute site/bus voltages. All controller gains remain fixed across the
principal comparisons, ablations, boundary scans, and IM-parameter cases. Only the ex-
plicitly labeled local gain-sensitivity check in Section 5.5 varies k. or k.

Table 1. Key System, Machine, and Controller Parameters.

Category/Component Parameter Settings Description/Remarks
IEEE 33-bus; 12.66 kV; 50 Hz; 1.0 Feeder p.u.; complete
System/loads MVA base; nominal-P/Q RLC im- branch/load data in Ta-
pedances ble A5
Source Active Short{;;l‘;it 176"61 10O MVA; ¢ act R/X/L in Table Al
DPV sites/inputs Buses 18/30/33; S = 0.20/0.45/0.35 Site current bases; im-
MVA; Pac = 196/441/343 kW posed DC input
M Bus 30; single-cage SPS; 315 kVA, Full electrical states; cir-
400V, 50 Hz cuit in Table A1
. J=6; p=2; H=0.2350; external Twad =kg m?; pole pairs; s; N m;
IM mechanics 1850; B = 0.02 Nms
Transformer 500 KVA; 12.66/04 kV; D1jyg ' nding/core values in
o ' ! Table Al
DC link Cac = 0.20/0.45/0.35; Udco = 1200; kac = F; V; W/V; averaged P/Q
500/1125/875 interface
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1320 assessment; 900-1600 numeri- V; neither is hardware
DC bounds . .
cal interval protection
ko=4; ks=9; kr = 0.008; slip reference Fixed gains; rate channel
0.020; trigger 0.028 uses p.u./s
Prescribed; capacity-
weighted nominal match
Critical: 4 ms, fixed reference 0.924; CTVS 0.95/0.97 act on
site/Local: 2 ms normalized vr
Actual filtered-voltage
derivative, p.u./s
Deadband 0.03; saturation drop 0.30; Reactive branch only;

CTVS gains
Spatial coefficients Full: 0.25/1.00/0.95; Uniform: 0.8325
Voltage channels

Corrected Local k=1.5; Vth =0.95; ka = 0.02

Adaptive Droop floor 0.10; Psched filter 20 ms law in Section 5.3
1.20 for 0.40 s from fault inception, Site p.u.; p.u/s; tareet
Current/slew then 1.10; rise/withdraw 200/25; pHypEIY 08

# circle limi
CTVS/Droop target cap 0.75 cap # circle timit

Bus 32; three-phase; 8 (; tmn=4.0 s
Fault/solver after 4 s warm-up; ode3/Backward
Euler; 50 ps
Absolute V> 0.90 for 100 ms; Smax <
Recovery screen 0.5; final-slip error < 0.002; TVSI 1s;
joint endpoint 3 s

Opening command ton +
d; common timing

Delays/windows from
opening command

Static feeder loads are modeled as three-phase RLC impedance branches specified by
their nominal 50 Hz active and reactive powers, rather than ideal constant-power sinks
during transients. The extracted bus-load records sum to 3745 kW and 2310 kvar before
the additional 20 kW Load34 block at Bus 33 and the three 1 W DPV interface shunts,
giving a total nominal static load of 3765.003 kW and 2310 kvar; the IM is modeled sepa-
rately. The feeder retains the IEEE 33-bus topology, while the implemented branch and
load parameters are those of the saved modified model.

Recovery delays start at foma. First crossing is the first sample at or above 0.90 p.u.
after the opening command, with zero delay if already above it. Sustained recovery starts
at the earliest qualifying 100 ms interval, including both endpoints; the holding interval
is not added to the delay. TVSI uses a fixed 1 s post-command window:

TSt = [ max{0,0.90 - ¥, (1) }ar (65)

Jointrecovery at ¢,,, +3s requires sustained voltage recovery, maximum slip below
0.5 from fault inception to that endpoint, and final slip error within 0.002 of prefault mean.
The original displayed window ends at physical 5.0 s (aligned 1.20 s); extended evalua-
tions end at ¢, +3s .

The thresholds assess motor deceleration and sustained voltage restoration. The 0.90-
p-u. level lies below the measured pre-fault Bus-30 voltage of 0.918778 p.u., and the 100
ms hold spans five 50 Hz cycles to reject temporary voltage rebounds. A slip tolerance of
0.002 corresponds to 0.314 rad/s (3 r/min) on the 157.080-rad/s synchronous mechanical-
speed base. The maximume-slip requirement of less than 0.5 requires motor speed to re-
main above half the synchronous mechanical speed from fault inception to the evaluation
endpoint. Including the fault interval captures severe excursions even if the motor later
recovers. In the adverse cases of Section 5.5, the slip screen is violated before slip exceeds
1 and before subsequent numerical DC clipping.

Metrics were recalculated from 18 retained MAT cases at 140, 145, 147, and 148 ms,
varying voltage threshold (0.89/0.90/0.91 p.u.), hold (80/100/120 ms), or final-slip tolerance
(0.001/0.002/0.003) one at a time. Joint classifications were unchanged in both windows.
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At 140 ms, Local/Droop/Full sustained delays were 23.05/22.65/22.60 ms at 0.89 p.u.,
342.30/390.85/23.85 ms at 0.90 p.u., and 443.50/475.60/389.15 ms at 0.91 p.u. Timing there-
fore depends on the voltage criterion; TVSI retains its 0.90 p.u. deficit and fixed 1 s inte-
gration window. The model limitations in Sections 5.3 and 5.5 and Appendix A still apply.

5.2. DPV-IM Transient Interaction and Controller Ablation

At 140 ms, Voltage-only and Full CTVS differ only in slip feedback; Uniform retains
voltage-slip feedback but replaces the site coefficients. The same plant, initialization, con-

verter limits, timing, slew, and DC implementation isolate these reference-generation

changes.

Voltage-only withdraws support before motor recovery and permits a secondary
voltage depression. Sustained delays are 397.45 ms (Voltage-only), 23.80 ms (Uniform),
and 23.85 ms (Full); maximum slips are 0.13251/0.13112/0.13121. Their equal current en-
velope attributes the sustained-recovery benefit to slip-conditioned persistence, not extra

current headroom.

Uniform = 0.8325 is the 0.20/0.45/0.35 capacity-weighted mean of the fixed site coef-
ficients, matching the nominal capacity-weighted reactive-current request prior to termi-

nal-voltage conversion and current saturation. Under the severe 140 ms fault, the Uniform
and Full CTVS recovery trajectories nearly coincide under the same current-limit sched-

ule; Figure 7d shows their common maximum-site-current envelope. The matched com-
parison identifies slip-conditioned support persistence as the main sustained-recovery
contribution, without a separately resolved recovery benefit from the prescribed spatial
coefficients. A common total-current ceiling does not imply identical reactive-power in-
jection at each site, as reflected by the lower post-fault fleet reactive-power curve for Full
CTVS in Figure 7c.
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E 0.61 Full CTVS
0.5 T T T T T T
0.2 04 0.6 0.8 1 12
Aligned time (s)
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0.7 '-""'\\ — = = Voltage-only
T 06 Voltage-slip + uniform
E 0.5 Full CTVS
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a
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o
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Figure 7. Ablation comparison of CTVS variants under an 8 Q, 140 ms fault at Bus 32: (a) Bus-30

voltage; (b) IM slip; (c) total DPV reactive power; and (d) maximum converter current.
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The 100 ms case provides a counterexample to a universal controller ranking. All
three ablation variants jointly recover. Sustained recovery is 24.65 ms for Voltage-only,
24.40 ms for Uniform, and 24.50 ms for Full CTVS; their fixed 1 s TVSI values are 0.004591,
0.004580, and 0.004586 p.u. s. In the principal comparison, Corrected Local recovers con-
tinuously in 50.20 ms with a TVSI of 0.004679 p.u. s, but its maximum slip, 0.078723, is
lower than Full CTVS’s 0.079122. Full CTVS is therefore not best in every metric, and the
140 ms benefit is interpreted as disturbance-dependent.

To illustrate the physical influence of DPV electrical distance on critical-bus support
with total capacity held constant, Figure 8 compares three 1 MW placement configura-
tions—a remote single site at Bus 18, the three-site distributed fleet, and a local single site
at Bus 30—under an 8-ohm, 100 ms Bus-32 fault. This separate baseline placement exper-
iment uses its own implementation and is not pooled with the fixed-topology fair-condi-
tion controller benchmark.

For the baseline placement trajectories in Figure 8, the 0.90-p.u. voltage-recovery de-
lays are 23.4, 111.7, and 290.9 ms for the Bus-30, three-site distributed, and Bus-18 deploy-
ments, respectively. Deployment at critical Bus 30 provides stronger voltage support de-
spite a smaller reactive-power excursion than remote Bus 18, confirming that feeder im-
pedance coupling governs spatial support effectiveness; this placement comparison mo-
tivates the sensitivity analysis in Section 5.4 and is kept distinct from the fixed-topology
controller ablations. These baseline delays are not substituted for the sustained-recovery
metric with a 100 ms hold used in the fair-condition controller comparison.

— = = IMWatBus18§
01 L Three-site fleet

095 1 MW at Bus 30

Bus 30 voltage (p.u.)
Total PV Q (Mvar)

1 MW at Bus 18
***** Three-site fleet
1MW at Bus 30

T T T T T T T T T 1
015 02 025 03 03 04 045 05 0ss 06 068

Time (s)
@

Figure 8. Impact of 1 MW DPV spatial placement under an 8 €3, 100 ms fault at Bus 32: (a) Bus-30
voltage and (b) total DPV reactive power.

5.3. Comparative Performance and Recovery Boundary

The principal benchmark uses the fixed three-site model and an 8-ohm, 140 ms Bus-
32 fault. The physical and converter conditions are shared as specified in Section 5.1; con-
troller-specific reference generation is retained. Adaptive Q-V Droop uses the positive
relative drop from each site’s measured healthy filtered voltage. Its gain

= Ouvaii; /(0.30-0.03)  uses Qmu,,,»:Jmax(o,sf—&ihcd,,-) , where P, is the

Ky,

causal 20 ms estimate of the preceding active-power command. The reactive reference is

the smaller of Q and Kgj times the positive excess drop above 0.03; the support-cur-

avail, j
rent request divides it by Sjtimes the larger of filtered site voltage and 0.10 p.u. The shared
slew and current-circle limits act afterward. This adapts only the reactive-voltage branch
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of Owais and Javed Igbal [22], not their VSG, fuzzy-frequency, or PV-reserve architecture.
The deadband, saturation drop, and division guard were prescribed before the bench-
mark; 90- and 110 ms feasibility checks confirmed operation without selecting gains from

the 140 ms ranking.

All three methods jointly recover in Table 2, with first voltage crossings separated by

less than 1 ms. Under the 0.90-p.u./100 ms criterion, secondary voltage depressions inter-
rupt the holding interval for Local LVRT and Adaptive Droop, yielding sustained delays
of 342.30 and 390.85 ms, versus 23.85 ms for Full CTVS, which also has a lower 1 s TVSI.
For this 140 ms comparison, lowering the threshold to 0.89 p.u. (below the secondary-

depression trough in Figure 9a) gives sustained recovery at approximately 23 ms for all
three methods; raising it to 0.91 p.u., closer to the 0.918778 p.u. prefault voltage after sup-
port withdrawal begins, increases all three delays and reduces the timing advantage (Sec-

tion 5.1).

19 0.167
0-951 0.147 — — — Corrected Local
0.9 g ———— . Adaptive Q-V Droop
- 0s5] 0.127 ——  FullCTVS
E 0.8 ~ 1
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55 0.7 g 0.061
a8 |
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0.67 Adaptive Q-V Droop
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Figure 9. Dynamic responses of different control strategies under an 8 Q, 140 ms fault at Bus 32: (a)
Bus-30 voltage; (b) IM slip; (c) total DPV reactive power; and (d) total DPV active power.
Table 2. Comparison of Transient Recovery Metrics Under the 140 ms Fault.
First Sustained .
. Peak Slip .
Control Strategy Crossing  Recovery TVSIs (p.u.-s) smax (D) Peak Ud (V)  Joint Recovery
(ms) (ms) max P. .
Corrected Local LVRT 24.80 342.30 0.004884 0.132159 1259.7 Pass
Adaptive Q-V Droop 24.00 390.85 0.005496 0.132192 1262.1 Pass
Full CTVS 23.85 23.85 0.004511 0.131213 1282.5 Pass

The maximum-slip improvement is small. Longer reactive support and greater tran-
sient active curtailment raise CTVS’s DC peak to 1282.45 V, versus 1259.70/1262.12 V for
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Maximum IM slip (p.u.)

4.5

2.5

0.5

— — = Corrected Local

————— Adaptive Droop
Full CTVS

Local/Droop. The advantage is sustained voltage recovery with an associated DC-energy
cost.

The commanded fault duration is then varied without changing controller parame-
ters. Figure 10 reports maximum slip, sustained voltage recovery for jointly recovered
cases, and the joint classification for all five control variants. Voltage and motor criteria
are evaluated separately before forming the joint result.
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Figure 10. Transient recovery performance across fault-clearing command durations: (a) maximum

IM slip; (b) sustained voltage-recovery delay; and (c) joint recovery classification (P: pass; F: fail).

Corrected Local, Adaptive Droop, and Voltage-only CTVS pass at the tested 144 ms
command and fail at 145 ms. Voltage-Slip CTVS with uniform weights and Full CTVS
pass at 147 ms and fail at 148 ms. The matched boundary of the latter two variants is
consistent with the near-overlap in Figure 7 and does not support a measurable boundary
gain from the prescribed spatial weights.

These brackets describe tested opening commands, not exact physical CCT. Some
145/147 ms commands produce identical sampled trajectories, consistent with current-
zero interruption; last-phase extinction was not logged. Voltage recovery without motor
recovery is failure. Where DC later clips, the earlier slip-screen violation establishes model
failure, while the subsequent trajectory cannot quantify physical behavior. The corre-
sponding site-level reactive-power, converter-current, and DC-link voltage trajectories
under Full CTVS for the 140 ms fault are shown in Figure 11.

In the unclamped 140 ms case, current remains within its common envelope and
maximum DC voltage is 1282.45 V, below the 1320 V assessment level. The energy audit
spans fon to famd + 3 s, using updates on the half-open interval and capacitor states at its
endpoints: Pac is imposed DC input and Pac is enforced average-interface output. Integrat-
ing Pdac — Pac and accounting for the explicit-Euler correction matches capacitor-energy
change with residuals below 1.3 x 10-8 J. Complete station values are retained in Table A2;
this checks the implemented average model, not measured converter losses.
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The 1320 V level triggers no protection. Under Full CTVS at the 160 ms opening com-
mand, all sites reach the 1600 V numerical bound; the removed clamp energy has no cor-
responding physical dissipation circuit. Table A2 records the corrections. Such trajectories
cannot establish hardware DC safety or physical recovery.
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Figure 11. Site-level DPV trajectories under Full CTVS for the 140 ms fault: (a) reactive-power out-
puts; (b) converter current magnitudes; and (c¢) DC-link voltages.

5.4. Spatial Sensitivity Validation

H20 applies a 20 kvar bias per site with supplementary CTVS feedback disabled.
Symmetric +5/+10 kvar pulses begin at 4.0 s and are evaluated at 40 ms without current
saturation. The Q request is converted through filtered site voltage and rating to a current
target, whereas realized Q depends on interface voltage and limited current. Motor, filter,
and DC states evolve; Appendix B records the pulse duration and pre-state. Figure 12
compares the normalized finite-horizon sensitivities and prescribed spatial weights under
H20, together with the short-horizon Bus-30 voltage responses under the current-satu-
rated F140 condition.

The corresponding finite-horizon dynamic sensitivities under H20 and F140 are sum-
marized in Table 3.

Table 4 uses the saved pre-4.0 s H20 source, feeder, RLC-load and transformer pa-
rameters, with motor terminal P/Q frozen to isolate the network—converter algebraic map-
ping from the evolving SPS motor response evaluated in Table 3. Its 70 x 70 phasor Jaco-
bian approximates the sampled interface quasi-statically: the held voltage is identified
with the nodal voltage. Kev then has PV entries -0.0218171/-0.0217289/-0.0217442 p.u. Q
per p.u. V, counted once; these are not the dynamic gains 4/9/0.008. The actual interface
uses 50 ps voltage memories. A separate held-memory calculation has zero direct current-
voltage feedback, preserves the site ordering, and agrees with twelve nonlinear perturba-
tions within 0.070% (Table A3). Neither calculation validates the complete SPS electrical-
state DAE.
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Figure 12. Spatial voltage-support sensitivity validation: (a) normalized 40 ms finite-horizon gains

versus prescribed weights under pre-fault condition H20 and (b) 15 ms Bus-30 voltage increments

under current-saturated fault condition F140.

Table 3. Finite-Horizon Dynamic Sensitivities Across DPV Sites under H20 and F140 Conditions.

(n/a denotes not applicable. For the current-limited F140 condition, the mixed-sign finite-horizon
G, values are not normalized using the positive-gain criterion adopted for H20. The equivalent

site-current gains G, ,

q

sion is not applicable under active current limits.

are not reported because the unsaturated Q-to-current-command conver-

. Gi,eq Pre-
Operating AQema AQreal Go Norm .
B u/p.u.
Condition 5% (kvar)  (kvan (puw/Mvan .Go P/ Pn:‘ //Nor s“::ed
]
+/-5; 10.000; 0.003121/0.237
H20,40ms 18 +/-10 20.000 0.017023  0.5356 1 0.25
+/-5; 10.000; 0.013163/1.000
H20,40ms 30 +/-10 20.000 0.031781  1.0000 0 1.00
+/-5; 10.000; 0.010190/0.774
H20,40 ms 33 +/-10 20.000 0.031652  0.9960 1 0.95
F140,15ms 18 +/-5 10.015 0.003791 n/a n/a 0.25
F140,15ms 30 +/-5 4.980 -0.009151 n/a n/a 1.00
F140,15ms 33 +/-5 4.801 -0.019721 n/a n/a 0.95

Table 4. Quasi-Static Frozen-P/Q Algebraic Sensitivities Across DPV Sites (H20).

scmd .
Bus (p.ZT/OVI]V[var) Norm. naojmd  gij (p.u./p.u) Norm. gij Pres;:;lbed Maf;/‘l)i)rror
18 0.01744648 0.5360 0.00319868 0.2373 0.25 0.031942
30 0.03254895 1.0000 0.01348159 1.0000 1.00 0.009754
33 0.03239892 0.9954 0.01043003 0.7736 0.95 0.016022
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AQ

©/_; real-
Si¥Vr.i0
ized Q additionally depends on voltage. Twelve +1/+5 kvar nonlinear algebraic solves re-
tain the inactive-limit set and agree with predictions within 0.031942%. This validates the
reconstructed frozen-P/Q approximation, not the complete SPS-DAE.
At H20, paired realized-Q changes match the 10/20 kvar command differences within
0.05 var. The converted current coefficient in Table 3 is not an independently identified
current-input derivative. A 1 MVA system base makes 1 Mvar equal 1 p.u. Q, but site-

current bases differ.

Equivalent Q commands enter the post-slew interface through Ai, ;=

F140 applies +5 kvar at 4.05 s for 20 ms, evaluated at 15 ms with all sites at 1.20 p.u.
The mixed-sign coefficients in Table 3 include current-circle coupling, active-power dis-
placement, slew limits, and evolving states; they are not static network derivatives.

Under unsaturated condition H20, both the finite-horizon dynamic gains and the fro-
zen-P/Q algebraic sensitivities confirm the spatial effectiveness ordering Bus 30 > Bus 33
> Bus 18, consistent with the prescribed participation ordering. The normalized site-cur-
rent sensitivity vector is 0.2373/1.0000/0.7736 and does not reproduce the prescribed nu-
merical weights exactly. Conversely, F140 demonstrates that at the 1.20-p.u. current-lim-
ited operating point, active-power displacement and current-circle coupling alter the local
incremental gains, so the unsaturated positive-support ordering does not transfer to a sat-
urated active set.

At the unsaturated quasi-static H20 point of Table 4, the first-order critical-voltage
response ratios AV30/Ap are 0.02418979, 0.02256933, and 0.02230931 p.u. for the Original
prescribed coefficients (0.25/1.00/0.95), Uniform coefficients (0.8325), and auxiliary cur-
rent-sensitivity coefficients (0.2373/1.0000/0.7736), respectively. Normalizing by the nom-
inal fixed-voltage fleet reactive-power increments yields effective support gains Geff of
0.03158052, 0.02948090, and 0.03156165 p.u./Mvar (Table A4). Thus, at this linearized un-
saturated point, the prescribed coefficients yield a 7.12% higher gain per unit nominal
reactive-power increment than Uniform allocation, while their scalar effective gain differs
by less than 0.06% from that of the auxiliary sensitivity-based allocation. This compares
local gains, not vector distance or global optimality.

Independent auxiliary time-domain simulations retaining all physical parameters,
gains, initialization, and current-limit timing were conducted using the unscaled sensitiv-
ity wvector (0.2373/1.0000/0.7736, capacity-weighted request 0.76822) and its budget-
matched scaled vector (multiplied by 1.083674 to match the 0.8325 nominal budget of
Original and Uniform). Both auxiliary configurations and the Original/Uniform control-
lers pass at the 140 ms and 147 ms opening commands and fail at 148 ms, with 140 ms
sustained voltage-recovery delays of 23.85, 23.85, 23.85, and 23.80 ms, respectively. To-
gether with Table A4, these results distinguish a local unsaturated allocation-gain ad-
vantage from large-disturbance recovery: common converter limits constrain fault-on op-
eration, while the matched ablations identify slip-conditioned persistence as the primary
recovery contribution. Current saturation does not establish identical site-level reactive
injection or an optimal weight vector.

5.5. Robustness and Model Limitations

The final study varies IM inertia and external constant load torque separately around
Jo=6kg-m? and Tieado = 1850 N m. The ratios are J/Jo= 0.8, 1.0, 1.2 and Tioad/Tl0ad,0 = 0.9, 1.0,
1.1. Viscous friction remains fixed; these load ratios do not vary the total opposing torque
including friction in Equation (9). Each case is reinitialized and checked for a stable pre-
fault state. The network, 140 ms fault, controller gains, converter constraints, and DC im-
plementation remain fixed, without cross-combinations. The corresponding Bus-30 volt-
age and IM slip responses under the IM parameter variations are shown in Figure 13.
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Figure 13. Sensitivity of Full CTVS to IM parameter variations under the 140 ms fault: (a,b) Bus-30
voltage and IM slip for J/Jo=0.8, 1.0, 1.2; (¢,d) Bus-30 voltage and IM slip for Tioad/Tioad0 = 0.9, 1.0, 1.1.

The three controllers have identical classifications in Table 5: baseline, higher inertia,
and lighter external load pass; lower inertia and heavier load fail. CTVS can satisfy the
voltage interval in about 24 ms while the motor fails. These one-at-a-time cases identify
operating-point sensitivity, not an enlarged inertia/load recovery region.

Table 5. Joint Recovery Classification Under Single-Factor IM Parameter Variations (140 ms Fault).

Parameter Variation Ratio Corrected Local Adaptive Q-V Full CTVS
Type LVRT Droop
Inertia J/Jo=0.8 Fail Fail Fail
Inertia J/Jo=1.0 Pass Pass Pass
Inertia J/Jo=12 Pass Pass Pass

Mechanical Tioad/Tioad0 = 0.9 Pass Pass Pass
torque

Mechanical Tload/Tload,O =1.0 Pass Pass Pass
torque

hanical

Mechanical = 7, /o= 1.1 Fail Fail Fail

torque

The machine omits saturation and thermal, contactor, mechanical-stop, and protec-
tion models. Slip above 1 is numerical extrapolation, not a validated reversal prediction.
In the adverse CTVS cases, slip crosses 0.5 before both s = 1 and the later DC clamp, so
model failure is established before those extrapolations; subsequent trajectories cannot
quantify physical motor or converter behavior.
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For k, =4, k,=9,and £, =0.008, illustrative inputs of a 0.05-p.u. normalized volt-
age deficit, a 0.02 excess slip, and a 1-p.u./s voltage-decrease rate contribute 0.20, 0.18, and
0.008 to the common support signal before site weighting and limiting. These values show
the intended relative scales of voltage, slip, and voltage-rate feedback.

Four one-factor runs change k, to3.6/44or k, to8.1/9.9 under the same 140 ms
fault, while retaining k, , the spatial coefficients, initialization, and all converter con-
straints. Together with the nominal baseline, all five cases jointly recover with the same
sampled sustained delay of 23.85 ms. Their peak DC-link voltages range from 1278.49 to
1285.02 V without numerical clipping (Table A6). The Bus-30 and Bus-33 requests reach
the 0.75 p.u. target cap, and their currents reach the 1.20-p.u. limit during the fault and
initial rebound, helping explain the unchanged sampled sustained-recovery delay despite
modest differences in the DC-link transient.

6. Conclusions

This study presented a coordinated transient voltage support strategy combining in-
duction motor slip feedback with multi-site distributed photovoltaic reactive-current regu-
lation. The coupled DAE model and trajectory-local closed-loop Q-V sensitivity analysis
characterize location-dependent support effectiveness across candidate feeder buses. At the
unsaturated H20 operating point, the fixed spatial participation coefficients achieve a 7.12%
higher local voltage-support gain per unit nominal reactive-power increment than uniform
allocation, although this allocation benefit remains confined to the unsaturated regime.

Under the matched 140 ms Bus-32 fault, CTVS suppresses secondary voltage depres-
sion and reduces the sustained recovery delay to 23.85 ms versus 342.30 ms for local LVRT
and 390.85 ms for adaptive Q-V droop, trading greater transient active-power curtailment
and a 1282.45 V DC-link peak for accelerated voltage restoration. Matched ablations con-
firm that slip-conditioned support persistence is the primary contributor to large-disturb-
ance recovery, as uniform and prescribed weights recover almost identically and share
the 147 ms-pass/148 ms-fail opening-command bracket. Shorter-fault, criterion-sensitiv-
ity, local gain, and motor-parameter tests further delimit these findings: the timing ad-
vantage is threshold-dependent, the command bracket is not an exact physical CCT, and
the tested motor-parameter classifications remain identical across controllers. Validation
is restricted to the modified IEEE 33-bus feeder and tested Bus-32 three-phase faults, while
online weight adaptation, unbalanced faults, and hardware DC protection are left for fu-
ture work.
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Appendix A. Essential Implementation and DC-Energy Checks

Table 1 specifies the common plant, controller, current-limit, and DC-link settings,
while Table Al provides the additional electrical and initialization details required for
reproduction. The implemented feeder retains the IEEE 33-bus topology at 12.66 kV. Its
extracted nominal static bus loads total 3745 kW and 2310 kvar before the additional 20
kW Load34 block at Bus 33 and three 1 W DPV interface shunts; including these additions
gives 3765.003 kW and 2310 kvar, excluding the separately modeled IM. The 315 kVA SPS
induction motor and 500 kVA transformer are connected at Bus 30, and the averaged DPV
units are connected at Buses 18, 30, and 33. Static loads are implemented as 50 Hz parallel
RLC impedance branches rather than ideal constant-power sinks. The implemented
branch impedances and load ratings are taken from the saved modified model; the com-
plete extracted branch and nominal bus-load records are listed in Table A5, with initiali-
zation and numerical settings in Appendix C.

Table Al. Additional implemented parameters.

Item

Implemented Value Basis/Interpretation

Source imped-
ance

IM equivalent

R=0.228965 Q); X =1.602756 (); L=0.00510173 H  Active 100 MV A short-circuit/X/R =7 setting

Rs/Rr=0.0076/0.0061 Q; Lis/Lir=1.62 x 104 H; Ln = Single-cage, 315 kVA, 400 V base; magnetic

circuit 485x10°H saturation disabled
Saved Simulink block initial phasor magni-
IM startu Slip 0.0186699; angle 0°; phase currents 812.169 A tudes/angles prior to warm-up; re-equili-
P at —-3.12819°, -123.128°, 116.872° brated during the common 4 s warm-up to
the pre-fault operating state
kVA, D1/Yg; per-winding R/X = 0. 04 p.u,;
Transformer 500 + D1/Yg; per-winding R/X=0.005/0.04 p.u 12.66/0.4 kV; nonsaturating core
Rm=Ln=500 p-u.
1 inal f in Tabl
Additional Load34: 20 kW, 0 kvar, 12 kV nominal, physically A(;?ngﬁeée ::Oininian t;ecilrer reri(;rdrxz lab ft
loads at Bus 33; three DPV shunts: 1 W each @ onsreta eIt oW nomimat-vo
age bases
The same saved machine state and controller initialization are used for the matched
comparisons. Fault inception is at physical 4.0 s after warm-up; the common 140 ms pre-
fault means are 0.918778 p.u. at Bus 30 and slip 0.017164. The opening command, 100 ms
hold, 1 s TVSI and command-plus-3 s joint-screen definitions remain those in Section 5.1.
Table A2. Full CTVS DC-energy audit at the 140- and 160 ms opening commands.
DP 1 1 i
v 140 ms AEcap (kJ) 140 ms [(Pac - Pac) dt (k])  Euler Correction (J) 60 ms Clamp Correction
Bus (13)]
18 0.0076 0.0076 0.0116 -20.49
30 5.2911 5.2908 0.2570 -103.01
33 7.6957 7.6955 0.2553 -83.37

The audit uses 50 ps updates on [ton, temd + 3 s), with pre-update capacitor states at its
endpoints. Pac is the imposed DC input and Pac is enforced average-interface power, not
an independent hardware measurement. Including the explicit Euler energy correction
gives residuals below 1.3 x 108 J in the unclamped 140 ms case (maximum DC voltage
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1282.45 V). At 160 ms, the negative clamp corrections have no modeled physical dissipa-
tion path. The 1320 V level is assessment only; 1600 V is a numerical clamp, not protection.

Appendix B. Essential Spatial Sensitivity and Weight Checks

H20 uses a 20 kvar bias per DPV from 3.5 s, with supplementary CTVS feedback
disabled. The saved pre-pulse point is at 3.99995 s: logged Bus 18/30/33 voltages are
0.916713/0.920432/0.919786 p.u., slip is 0.017084, and motor-terminal consumption is
298.0353216 kW/157.6540202 kvar. The system base is 1 MVA; site current bases use
0.20/0.45/0.35 MVA. Floor, current-circle, target-cap and residual active-power limits are
inactive at this point.

Table A3. Quasi-static interface conditions and distinct held-memory cross-check.

Bus Vio Vo,qgs g0 Kprv,gs T]emd held Giheld Held Max.
(p.u.) (p.u) (Site p.u)  (p.u.Q/p.u.V) (p.u./Mvar) (p.u./Site p.u.) Error (%)
18 091671322  0.91679269  0.10908537  -0.02181707 0.01739405 0.00318907 0.069739
30  0.92043189  0.92059254  0.04828651  -0.02172893 0.03249086 0.01345753 0.027347
33 091978614  0.91989604  0.06212624  -0.02174419 0.03233408 0.01040915 0.040153

Vo is the reconstructed quasi-static voltage (maximum deviation from the logs 1.61

x 104 p.u.). Its Kev entries represent the O, =S jV;’i;? interface dependence counted once,

rather than the controller gains 4/9/0.008. The quasi-static command coefficient is

~Jowss Freezing the actual 50 ps voltage memory instead gives Kev = 0 with re-

Vf,(),j

spect to current network V, with held voltages 0.91671320/0.92043183/0.91978608 p.u. Fro-
zen filters add no instantaneous control gain. Equivalent Q commands enter after slew

Bu,Q,j

conversion; the corresponding current sensitivity is &; ; =7730,_,~S ij,o,_/" Neither phasor

approximation restores the complete SPS electrical-state DAE.

The twelve +1/+5 kvar nonlinear algebraic checks remain within the inactive-limit set
(maximum current 1.0773 p.u. < 1.10). Table 4 retains the distinct quasi-static maximum
error of 0.031942%; the held-memory check has maximum error below 0.070% and resid-
ual below 1.3 x 102 p.u. Signed predictions, errors and residuals are retained by the au-
thors and are available upon reasonable request.

The evolving-state tests differ: H20 +5/+10 kvar pulses start at 4.0 s for 50 ms and are
evaluated at 40 ms. F140 +5 kvar pulses start at 4.05 s for 20 ms and are evaluated at 15
ms, with all sites at 1.20 p.u. Their paired realized-Q differences are 10.015/4.980/4.801
kvar; the mixed-sign coefficients in Table 3 include saturation, active-power displacement
and state evolution, not static network derivatives.

Table A4. A posteriori local allocation comparison at the quasi-static H20 point.

Nominal AQ/A
Scheme w18/w30/w33 LSj wi AV30/Ag Omlll\?varQ/ @ Geff p.u./Mvar
Original 0.2500/1.0000/0.9500 0.83250 0.02418979 0.76597171 0.03158052
Uniform 0.8325/0.8325/0.8325 0.83250 0.02256933 0.76555767 0.02948090
Auxiliary raw 0.2373/1.0000/0.7736 0.76822 0.02230931 0.70684868 0.03156165
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Auxiliary

0.2572/1.0837/0.8383 0.83250 0.02417602 0.76599350 0.03156165
matched

The voltage coefficientis 3" g,w; the denominator of Geff is the nominal coefficient

z S VoW at frozen voltages, not the nonlinear realized-Q derivative. These are inde-
J

pendent post-slew allocation directions with gate/limiter transitions excluded. Original is
7.12% above Uniform in this local ratio and within 0.06% of the unscaled auxiliary direc-
tion; this does not derive the prescribed weights or prove optimality. The auxiliary
matched vector scales the raw vector by 1.0836739476 to match the nominal budget, not
the realized Q.

Appendix C. Reproduction Data and Additional Checks

Table A5 gives the actual radial branches and principal static bus loads of the modi-
fied saved model. The balanced source is at Bus 1, 12.66 kV line-to-line, 50 Hz, angle 0°.
Branch inductance is listed directly; reactance is X = 2750 L. All principal loads use 12.66
kV nominal voltage and constant-impedance RLC dynamics at 50 Hz. Their nominal totals
are 3745 kW and 2310 kvar. The separately listed additions in Table Al are a 20 kW, 12 kV
nominal load at Bus 33 and one 1 W shunt at each DPV site; the IM and transformer are
separate devices. The saved E1 and E2 physical-model files match the archived parameter-
audit hashes, with 109 physical blocks previously compared as identical.

Table A5. Implemented feeder branches and principal nominal bus loads.

Branch R (Q) L (mH) Load Bus P (kW) Q (kvar)
1-2 0.0922 0.129552 2 100 60
2-3 0.4930 0.799276 3 90 40
34 0.3660 0.593330 4 120 80
4-5 0.3811 0.617839 5 60 30
5-6 0.8190 2.250451 6 60 20
6-7 0.1872 1.969702 7 200 100
7-8 0.7144 1.496693 8 200 100
8-9 1.0300 2.355493 9 60 20
9-10 1.0440 2.355493 10 60 20

10-11 0.1966 0.206901 11 45 30
11-12 0.3744 0.394068 12 60 35
12-13 1.4680 3.676479 13 60 35
13-14 0.5416 2.269231 14 120 80
14-15 0.5910 1.674310 15 60 10
15-16 0.7463 1.734789 16 60 20
16-17 1.2890 5.478113 17 60 20
17-18 0.7320 1.827099 18 120 50
2-19 0.1640 0.498155 19 90 40
19-20 1.5042 4.314372 20 90 40
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20-21 0.4095 1.522794 21 90 40
21-22 0.7089 2.983519 22 90 40
3-23 0.4512 0.981349 23 90 50
23-24 0.8980 2.257135 24 420 200
24-25 0.8960 2.231671 25 420 200
6-26 0.2030 0.329132 26 60 25
26-27 0.2842 0.460594 27 60 25
27-28 1.0590 2.972059 28 60 20
28-29 0.8042 2.230079 29 120 70
29-30 0.5075 0.822831 30 200 600
30-31 0.9744 3.065324 31 150 70
31-32 0.3105 1.151963 32 210 100
32-33 0.3410 1.687679 33 60 40

The MATLAB/Simulink-R2024b model uses a 50 s discrete electrical step, powergui
Backward Euler, and fixed-step ode3. All matched cases start from the saved IM condi-
tions in Table Al and run a 4 s warm-up; the fault is inactive and supplementary reactive
support is zero before t = 4 s. The source short-circuit setting and source impedance are
given in Tables 1 and Al. Fault switches connect all three phases at Bus 32 with 8 Q branch
resistance and 0.01 Q) ground resistance; the opening command is 4 s plus the specified
duration. Phase-current extinction times are not separately logged.

Controller initialization is v, =[0.93,0.96,0.95] p.u., critical filtered voltage 0.924
p.u., previous normalized critical voltage 1, i command zero, and U, =[1200,1200,1200]

V. The available-power vector is [196, 441, 343] kW. Site and critical filters use
a=exp(-T,/7) with 7=2 and 4 ms. Slip feedback is max[0,1-, /(2750/2)] . The
healthy-voltage reference for Droop is the mean filtered site voltage over [3.8, 4.0) s, and
its active-power estimator starts at the available-power vector and updates causally with
T,/0.020. The common terminal-voltage memory is one sample (50 us); the averaged-
interface voltage floor is 0.05 p.u. The external-P/Q-load interface receives [-P,—0] to
represent generation and uses zero P/Q exponents and command time constants, with its
internal voltage filter set to 0.1 ms. Reproduction requires these dynamics as well as the
network ratings.

The common DC-link voltage is updated using explicit Euler discretization of Equa-
LB —E)
max(C,;,0.05 Fymax(U,,,800 V)

The implemented DC-link capacitances are 0.20, 0.45, and 0.35 F, respectively, all ex-
ceeding the 0.05-F numerical lower bound. B, denotes the nonnegative active-power

tion (5): Ugenext = clip(Udc + ,900 V,1600 Vj .

transfer limited by the available current headroom. The DC-voltage feedback gains are
500, 1125, and 875 W/V, respectively, with a reference voltage of 1200 V. The 1320 V level
is used only as an assessment threshold. Numerical clipping does not represent physical
energy dissipation or hardware protection; its energy effect is quantified in Appendix A.
The same DC-link implementation is retained in the nominal and gain-sensitivity cases.
Equations (14) and (15) were checked by central differences with steps 10™*, 107°, and
107° at three specified algebraic states, giving a maximum absolute discrepancy of 1.47 x
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10%. This checks the algebraic derivatives, not a recovered SPS electromagnetic trajectory
or complete SPS-DAE Jacobian.
For reproduction of the algebraic differentiation check, R =0.0149625 p.u. and

X'=0.1971557257 p-u. are obtained from the Table-A1l circuit on the 315 kVA, 400 V
base. The three test vectors (V,6,E!, E},8), with 6 in radians, are (0.92, 0.10, 0.87, -0.03,

0.017), (0.65, -0.20, 0.70, 0.08, 0.13), and (1.00, 0.30, 0.96, 0.12, 0.02). Each central difference
varies one scalar while freezing the other four.

Table A6. Local gain sensitivity for the 140 ms fault with all other settings fixed.

Setting  k, K, S“f::isr)‘ed TVSI, (pu-s) Peak Slip Pea(l;)u‘“ Joint
Nominal 4 9 23.85 0.004511 0.131213 1282.45 Pass
k-10% 36 9 23.85 0.004512 0131212 128242  Pass
k+10% 44 9 23.85 0.004510 0131215 128248  Pass
k-10% 4 81 2385 0.004512 0131223 127849  Pass
k+10% 4 99 2385 0.004511 0131203 128502  Pass

Table A6 uses the recovery and TVSI definitions in Section 5.1. The nominal row is
retained; the other four rows are new one-factor runs with all remaining settings un-
changed. Raw trajectories, initialization comparisons, and run configurations are retained
by the authors. The 19 pre-fault channels match within 1072,
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