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Abstract—This paper proposes a hybrid control model of under [1]-[6] for electronically assisted ULTCs; and [7]-[12]rfo
load tap changer transformers. The proposed model is based on solid-state tap changers. Both technologies are intifigic
the well-known discrete and continuous control models of such faster than the motor-based one. However. the differences i
device, and is designed so that it preserves the discrete behavior h del inlv in the | |  lodi ' f the el .
of the tap ratio while allowing solving small-signal stability and t e_ model are mainly in the low-leve 09'0 0 t e electronic
eigenvajue anajysisl The proposed model is tested through theSW|tChes. The overall controller scheme is baS|Ca”y theesa
IEEE 14-bus test system and a real-world 1488-bus model of a as for the motor-driven technology, but for the speed of the
sub-transmission and distribution system. time response. Note that electronically assisted ULTCsils@

Index Terms—Under load tap changer (ULTC), small signal Sometimes called “hybrid” ULTC. It is important to note that
stability, power flow analysis, time domain simulation, dead band, in this paper, the proposed hybrid control model refers only

time delay. to the mathematical formulation and has no relation with the
technology used to build the controller itself.
. INTRODUCTION 2) Modelling and Control Schemes for Distribution Sys-
A. Motivation tems: Classic ULTC discrete control model is given in [13]

This paper focuses on the model of Under Load Ta\rﬁh”e a stochastic model has been proposed in [14]. A discret

Changers (ULTCs). Although ULTCs have a long histo odel fuzzy-logic controller is presented in [15]. A new

r : . X .
in power system analysis, there is a surprising dichotor%yheme for thyristor assisted tap changers is presente{(_ﬂ&}m_
. . . while a scheme of local ULTC controllers are described in
in the models currently accepted for such device. For ti

domain simulations, a discrete model is generally prefeas nﬁf?]' Relevant (_:ontributiorjs on thg discrete models of tye t
it precisely represents the physical structure of the ULIFC. changers are given by Faiz and Siakolah, e.g., [11], [18}-[2

fact the tap ratio can only jump from one turn to another of thcgopglg?li;a(ﬂjfﬁggznirzs[gz])p;\)ﬂsjg Ilne [ﬁr?l a&r:g agﬁtgﬁpa
transformer winding, thus yielding to a discrete varialia i P P b

the other hand, for small-signal stability analysis, a tardus ba?s)mlj:;)n asleadpl\)zr;d _d!s%rlete f:ontr(ilhlsdpr?posed n ]EIZS]'
tap ratio model is preferable, since it allows defining the ) Power Flow Analysis: Classic methods for power flow

eigenvalues associated to the ULTC controllers. This pap glygs_ with discrete mgdels are [26]-{28]. In [26], thp ta
proposes an hybrid model aimed to unify the discrete aﬁ%t'o. Is included as a variable in the power ﬂOYV equat|o_ns (@
the continuous ULTC control models proposed so far in e ntmupus model is used). cher methods using the discrete
literature. model in power flow analysis is [29]. A genergll_zed power flow
model for tap changer as well as phase shifting transformers
) : is given in [30].
B. Literature Review 4) Continuous Models for \oltage Sability Analysis. The
ULTC transformers are relatively common devices in Suwscrete model reproduces precise|y the physica| behafior
transmission and distribution systems. This fact is demofe ULTC regulator. However, discrete variables compdicat
strated by the constant interest in the improvement of ULT{Re analysis of DAE systems. For this reason, the continuous
technology, modelling, and regulation, as well as by séveligodel is preferred for stability analysis [31]-[35]. In eth
studies on power flow and stability analysis. Relevantdiiére cases, locking the tap ratio is used to avoid the need of
on each topic is given below. considering discrete variables [36]. Limit cycles thagorate
1) ULTC technology: The oldest and most common techfrom the interactions of the ULTC dead band with the load
nology for changing the tap ratio is based on motors th@ynamics are discussed in [37], [38]. Multiple tap position
physically move the brushes over the turns of the coil. Thigenarios are considered in [39] in order to assess the best
is called the mechanically assisted ULTC. Such motor-basggnﬁguration for voltage stability. An interesting stétyil
ULTCs are characterized by a slow time response (tens ffidy that consists in bounding the discrete behavior tifrou
seconds). A dead band in the voltage control is needed gg upper and a lower continuous models is proposed in [40]. In
avoid unnecessary movements of the brushes. More receridy], the use of the continuous model is criticized for stad
two novel technologies have been object of intensive stuggnsient stability analysis, due to the slowness of meicahn

and development, namely electronically assisted and -soligtiven ULTCs. However, the continuous model is justified for
state ULTCs. Relevant literature on such device is as falow glectronically assisted and solid-state ULTCs.
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is both continuous and discrete. This is callegrid \41| in ih

control model throughout the paper.

2) An improved continuous ULTC model as well as a dis- | |
cussion on how to set up the parameters of the proposed
hybrid model to properly emulate the commonly used . by
discrete model.

3) A review and a comparison, within a unique framework,
of existing static and dynamic ULTC continuous and
discrete models and control schemes.

4) A discussion on the ability of the proposed hybri(iii n
model to properly behave in power flow analysis. The
discussion shows that the proposed model intrinsically

Transformer equivalent circuit.

optimizes tap ratios in order to get the power solution. *h % " %
5) A small signal stability analysis that shows that the | m:1 | -

proposed hybrid model provides accurate eigenvalues |H | , -

associated with the ULTC control. ho n i K

6) A variety of time domain simulations that show the
accuracy of the hybrid model with respect to both the
continuous and the discrete ones.

D. Paper Organization Fig. 2. Equivalent circuit of the tap ratio module and sertepédance.

The paper is organized as follows. Section Il briefly recalls
existing discrete and continuous ULTC models and presents o . o
the proposed ULTC hybrid model. In particular, subsectior%bta'”eq,from the circuit depicted in Figure 2 [42]. The
II-A, 1I-B and 1I-C describe the ULTC circuit and the disceet CUrentsi;, ands,, can be written as:

and the continuous models, respectively. The reader expert ., , ! 1
on ULTC models can skip these sections. Subsection II-D  *» = EyT(”h — k) = EyT(”h/m_vk) @
discusses the proposed hybrid model. Section Il discusses iy = yp(vy —v)) =yrp(vr —v,/m),

details a case study based on the IEEE 14-bus system and as ] ] )

well as on a real-world 1488-bus model of a sub-transmissi¥fi€r€vs, = vi/m. Equations (1) in vectorial form become:
and distribution system. The behavior of the proposed hybri i 1 17 [o,

control model steady-state, small-signal stability asialand [ ] =Yr [ml 1’”} [DJ : )
time domain simulations are discussed in this section.llgina
Section IV draws relevant conclusions.

m

Considering the physical busésand &, one obtains:
|:'L'h:| _ |:gFe + jbu + yT# —Yr ,11:| |:vh:| ©)
[I. MODELLING THE UNDER LOAD TAP CHANGER 1k —yT% Yr Vg

This section describes the existing ULTC circuit and cdntro Finally, the algebraic equations of the power injections ar
models, namely the discrete and the continuous models, agsfollows:

well as the proposed hybrid control model. All models are dis — 02 (gre + gr/m?) 4)
cussed regardless the specific ULTC technology. Furthermor hi\JFe T 9T _

the scheme and the logic with which the physical switches are —UnVk(gr €08 Opy, + by sin by ) /m

operated are not taken into account. In other words, siree th g, = —v} (b, +br/m?)

object is to study the interactions of the ULTC with the power —vpvi(gr sin Oy, — by cos Opy ) /m

system to which it is connected, the section focuses on the -

2 .
. = — Op — b 0
macroscopic model of the ULTC. UkgT — UnUk (9T €08 O — br sin O ) /1

QG = —Vibr + vpvk(gr sin Op + by cos Oy ) /m,

A. Circuit Model wheregr + jbr = yrp.

The circuit model of the ULTC is well-known, e.g., [42], )
[43], but it is included in this section for the sake of comB: Discrete Control Model
pleteness and because it helps understanding the casesstudiThe discrete model consists in representing the tap ratio as
discussed in Section Ill. a discrete variable, which can vary between a minimum and
Assuming that the tap is on the primary side, the complesdemaximum valuesn™* and m™", respectively, by a fixed
equivalent circuit of a generic two-winding transformer istepAm. A complete model of the ULTC control is shown in
depicted in Figure 1. The-circuit that depends on the seried=ig. 3. It includes a dead band, a time delay and the switching
admittancey, and on the off-nominal tap ratio» can be tap ratio logic itself.



mmax

The model of the switching logic depends on the analysis
that has to be solved. For power flow analysis, it is not reeﬁevavrey N i .
to track the trajectory followed by the tap ratio, but juse th 7+Z _— LE _— ﬂi H— Ngvfofk K
final position. So one can neglect the effect of time delays + T
and focusing only on the dead band and the tap switching dead band time delay
[26], [28], [29]. The switching logic consists in moving up
or down by one stepAm the tap ratio if the deviation of
the regulated quantity,, (e.g., the voltage on the secondaryig 3 piagram of the discrete model of the ULTC voltage colntr
winding) with respect to the refereneé®® exceeds a given
dead bandib,. At a generici-th iteration of the power flow

mmin

analysis, the switching logic equations are as follows: In some models of the ULTC [28], [35], [41], the time delay
o) — a(Av(“,m(i‘l),dbv,mmax,mmi“) ) T is constant, hence:
1, if Av@ > db, andmli—1) < pmax T(t) =10 (11)
=<1, if Av® < —db, andm(=1 > mmin However, most references recognize that the higher thagelt
0, otherwise error Av, the faster the tap ratio changes [19], [38]. The most

‘ _ accepted model is as follows:
where Av() = oY — yref Finally the tap ratio is updated
. k db,,
using the value ofv("): T(t) =70 Aol (12)

1) __ i—1 i
m® = m=D 4 a®Am. (6) In order to avoid numerical issues in cade — 0, in this

The previous model can show numerical issues. For exaRfPer the following equation is used:
ple, if there are several ULTCs in the network, the result may @ { b if | Av| > db,
T

-
be non-optimal. Moreover, due to the jumps of the tap ratio, OTAv] (13)

the numerical routine can require several steps to complete 7o otherwise

[27]. Both issues can be easily solved by using a continuo@hserve that in casg\v| < db,,, the ULTC control does not
model, which, by the way, provides only an approximateghodify the tap ratio, hence the value of the time delay is
value of the tap ratios. If one wants to preserve the discrefetually not relevant in such case.

model, the determination of the optimal tap positions is not An alternative discrete control model regulates the taip rat
straightforward since it leads to a mixed integer non lineai order to maintain the voltage within a certain range, say

programming (MINLP) problem. With this aim, a computaymax < 4, < ymin Equation (5) can be rewritten as follows:
tionally feasible approach has been proposed in [23].

For time domain simulations, the time delay cannot be @ = &(Av™, m0=Y db,, o™, v (14)
neglected as it plays an important role in ULTC behavior [37] 1, if vp — 0™ > db, andm—1) < mmax
[38]. A relatively well-accepted model is as follows [1325]: ={ 1, if v, — o™ < —db, andm(—1 > pmin
e(Av(t), m(t — At), db,, m™™ m™") 7 0, otherwise
1, if Av(t) > db, andm(t — At) < m™a* Equations (7)-(9) can be rewritten in a similar way. This mlod
=< —1, if Av(t) < —db, andm(t — At) > mmin is cited here for the sake of completeness but it is not furthe
0, otherwise considered in the remainder of the paper.
t t— At 8 .
e(e(t), ol ) _ ® C. Continuous Control Model
ot — At) + At !f e(t) =1 ande(t — At) > 0 The continuous model was firstly proposed in [31] and
= qclt—At) — At, if e(t) = —1 ande(t — At) <0 assumes that the tap ratio stépn is small so that discrete
0, otherwise switches can be approximated with a continuous variation
Fle(t), c(t),7(t)) (9) of the tap ratiom. The time delay is approximated as a

) lag transfer function (see Figure 4). Hence, the tap ratio
1, if e(t) = 1 andc(t) > 7(t) differential equation is:
=< —1, if e(t) = —1 andc(t) < 7(t) . ~
0, otherwise m = —Kq(m —1) + KiAv, (15)
where all parameters are defined in the Notation sectioreat th

wheret is the current simulation time and- At the previous beginni £ th The tap und -wind
simulation step, which is fully knowr, models the dead band,2€9/Nning of the paper. The tap undergoes an anti-windup
limiter and the sign of the errahv is due to the fact that the

f the time delay and is a memory function that stores the o ) .
time elapsed since the last tap switch. Finally, the ta fiati regulator stable equilibrium point occurs for a negativegent
updated as follows: ' slope of the ULTC-load characteristic [43].

The function of the tern¥;(m — 1), which is contribution
m(t) = m(t — At) + f(e(t),c(t), 7(t))Am.  (10) of this paper, is twofold: (i) to introduce a static voltageoe
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Fig. 5. Diagram of the proposed hybrid model of the ULTC cantro
Fig. 4. Diagram of the continuous model of the ULTC voltagetomn

o . o The switching logic for the discrete tap ratio, is:
and, hence, a deviation from the integral deviation of th& OL

controller; and (i) to allow that more than one ULTC congrol B(t) = B(me(t), ma(t — At), db,) (18)
the voltage at a given bus. The latter is a common case in 1, if me(t) — ma(t — At) > dbyy,
practice, e.g., two or more ULTC transformers connected in = -1, if me(t) — ma(t — At) < —dby,

parallel. Moreover, the value of the coefficiehi; defines the
participation of each ULTC connected in parallel to the ag#
regulation. Clearly, the smallét;, the higher the participation and
of the transformer. If a ULTC ha¥(y; = 0, then that ULTC mq(t) = ma(t — At) + B(t)Am. (29)
alone will regulate the voltage,, while all other transformers
connected in parallel will behave as fixed tap ratio devicitis w
m = 1. Finally, it is relevant to observe thd{,; # 0 allows
avoiding singular Jacobian matrices in case of multiple OLT
regulating the voltage at the sane bus m=mg. (20)
Observe thatn is a state variable. Whilé: can be directly  The following remarks are relevant.

used into (3) and (4), according to the notation used in theq) The differential equation (17) implicitly accounts fonet
paper, the following constraints holds: time delay of the ULTC control, hence the switching
m— 1. (16) logic (18) is much simpler than (7)-(9).
2) Equations (18) and (19) work for time domain simu-
The continuous model does not require an explicit repre-  lations as well as for power flow analysis. In the latter
sentation of the time delay block because the transfer fbmct case, one has to substittg and (¢t — At) for the super-
models such delay. Moreover, the time response of the con- indexes(i) and (i — 1), respectively.
tinuous model approximates (13), since its response igrfast 3) The dead bandb,, in (18) has a different meaning than
if Av increases, angice versa. db, in (7). In fact, db,, is the dead band that allows
The consistency of the continuous control model depends  mappingm.. into my. The voltage error\v only affects
on the time scale of the time domain simulation and on the the dynamic of the state variabie...
technology used in the ULTC. In fact, as observed in [41], 4) The state variablen. is an auxiliary variable in the

0, otherwise

Finally, the tap ratio that actually modifies the transforme
current injections (3) and power injections (4)rg;, hence
one has:

for slow-dynamic mechanically-driven ULTCs, the contingo proposed control but is not useoltside the ULTC
model only makes sense for long term simulation. In this case  control. The advantages are twofold: (i) the systmes

also turbine governors and other slow control dynamics kave the ULTC as discrete, and (ii) it is possible to define
be modelled. Electronically-driven and solid-state ULT&e a dynamic (and, hence, an eigenvalue) to the proposed
characterized by fast time response and justify the coatiau hybrid ULTC control.

control model for transient, e.g., short term, stabilitylgsis.

In any case, from the modelling viewpoint, the technolog@yonE Conversion of Parameters among Different ULTC Models
modifies the value of the parametéf;. So, the continuous

model is acceptable as long as all other device models ard‘N important issue is how to pass from one ULTC model
consistent with the simulation time frame. to another preserving the main dynamic behavior of the con-

troller. Converting from the discrete model into the contins
) one means finding the correct value far;, that mimics the
D. Hybrid Control Model transient behavior of the discrete model. Taking into antou
Figure 5 shows the proposed hybrid control model. Theat the settling time of step response of the continuouseinod
control is composed of the transfer function of the contimio can be evaluated as 3 times the inversekgf(e.g., 3 times
model, which implements the time delay and of the dead batit time constant of the transfer function), then one can set
block inherited from the discrete model. 3
The resulting equations are as follows. The differential o~ (21)
equation associated with the continuous tap ratio is the !

same as (15): The values of the dead bands, and db,, must be chosen

so that they have similar effect on the system. Assuming
me. = —Kq(m. — 1)+ K;Av. (17) that the dead bands generally take small valuBs, can



TABLE |
SUMMARY OF ULTC MODELS

0.98

Model Type Power Flow Time Domain Sim. i Bi:::: K:E E‘h::]::l::;dw
Discrete (fIXEdT) (4)’ (5)’ (6) (3)' (7)_(9)' (10)' (11) Continuous model ‘
Discrete (variabler) (4), (5), (6) 3), (7)-(9), (10), (13)

Continuous (4), (15), (16) (3), (15), (16)

Hybrid (4), (17)-(20) (3), (17)-(20)

be approximated givedb, and the sensitivitylin/dv*, as
follows:

o\ —1

dm ,
db,, ~ <dvref) dby (22) 0931
Finally, in most references that consider a continuous oc  os- — e — o
(e.g., [31], [32]),K 4 = 0 that leads to a voltage errdsv = 0 Time |3

in steady-state. Howevek; # 0 allows avoiding singularity

!n the system Jacobian matrix. Henc?gaﬁ proper_ch0|c tor Fig. 6. Transient following line2-4 outage for the IEEEL4-bus system.
is a small value, saj(y < 1. Kq = 107" is used in the case comparison of the tap ratio trajectory for the discrete arel dbntinuous
studies. models.

F. Summary of ULTC Models mechanically-driven ULTC control is considered for thisea
Table | summarizes the ULTC models considered and prerudy. The following parameters are chosen for the discrete
posed in this paper. Observe that the commonly accepted fesntinuous and hybrid modelgsm = 0.0125, K; = 0.1 Hz,
mulation for time domain simulation is the so-called cutrenk,; = 1072, 7y = 30 s, anddb, = 0.25%, anddb,, = 1.25%
injection model [44]. However, the power-injection mode{din/dvf ~ 5 at the base case operating point).
is also perfectly consistent with time domain simulation, Figure 6 shows the tap ratio during the time domain simula-
although slightly computationally heavier than the cutrention using the continuous and the discrete ULTC models. The
injection one [45]. Hence, (3) can be substituted for (4) isimulations show the dynamics of the dynamic IEEE 14-bus

the third column of Table I. system following line 2-4 outage dt= 0.5 s. The discrete
model with fixed time delay is also shown in Figure 6 for the
I1l. CASE STUDIES sake of comparison.

In this section, we consider two systems, namely the [EEg Figure 7 shows the trajectory of the continuous and discrete

14-bus system and a 1488-bus sub-transmission and did@R ratios for the proposed hybrid ULTC model. Observe that
bution system. Due to its reduced size, the 14-bus systd§ Jumps of the discrete variabie, follows the dynamic of
is particularly well suited for illustrating and compariige "€ State variablen.. On the other way round, the discrete
transient behavior of the proposed hybrid model with engsti variablemy modn‘le_s the ULTC power .|nject|ons and, m_turn,
ULTC models. The 1488-bus system is used for testing tRffects the dynamic of the state variable.. The resulting
robustness and accuracy of the proposed model on a read-wdffiectory of the state variable.. better followsmg thanm
system. of the pure continuous model.

All simulations have been carried out using a Python-basedFinally, Fig. 8 compares the trajectories of the discrete

version of PSAT [46] on a Linux platform running on an Inteodel with variable time delay and the discrete variable of
i7 processor with 8 MB of RAM. the proposed hybrid model. As expected, the two trajectorie

coincides almost completely.

A. |EEE 14-bus System

The IEEE 14-bus benchmark system consists of 2 genefh- 1488-bus Sub-transmission and Distribution System
tors, 3 synchronous compensators, 2 two-winding and 1threeln this section a real-world 1488-bus model of a subs-
winding transformers, 15 transmission lines, 11 loads andtransmission and distribution system is considered fairtgs
fixed shunt capacitor. The system also includes generater cthe robustness and reliability of the proposed hybrid @adntr
trollers, such as the primary voltage and frequency regrdat model as well as comparing the results obtained for the three
transmission line and transformer protections and breakemodels considered in this paper, namely the discrete, the
etc. A full description of this system as well as the base casentinuous and the hybrid ones. The voltage levels of the
data can be found in [43]. system aret00, 220, 132, 66, 45, 30, 24, 18, 15, 14.2, 13.8,

The base case data are modified in order to includel26, 11, 10.5, 7.2, 6.6, and1 kV. The system include$758
ULTC transformer connecting buses 4 and 9 and regulatitgnsmission lines and underground cables afd ULTC
the voltage at bus 9. The reference voltag® = 1.0563 pu, transformers. Finally, the system contains constant PQedls w
i.e., the same value obtained for the base case solution.a# voltage dependent loads.
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Comparison between the trajectories of the discrete variah)l of the hybrid
model and the tap ratio of the discrete model with variable tirleyd

TABLE Il
TOTAL POWER GENERATION, CONSUMPTION AND LOSSES FOR THE
1488-BUS SYSTEM

Model Type Active Power [pu]

Gen. Load Losses ULTC Losses
Discrete 234.27  228.41 5.86 0.48
Continuous | 232.30  227.25 5.05 0.38
Hybrid 231.68  226.99 4.69 0.47
Model Type Reactive Power [pu]

Gen. Load Losses ULTC Losses
Discrete 19.74 63.42 —43.68 13.01
Continuous 7.25 62.90 —55.64 17.68
Hybrid 7.40 62.94 —55.54 16.57

Transient following line2-4 outage for the IEEEL4-bus system.
Trajectories of the stater{.) and algebraic4) tap ratios for the proposed

Transient following line 2-4 outage for the IEER-bus system.

18.0 T T T
[ Tap ratio error

16.0 Mean error

12.0F
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Tap ratio error [%]
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ULTC number

Fig. 9. Tap ratio relative and mean errors resulting from thegarison of
the ULTC discrete and hybrid control models for the 1488-hystesn. The
mean error is5.42%.

The power flow results for the 1488-bus system and for
the three ULTC control models are summarized in Table I
(data are in pu with respect of1®0 MVA base). The discrete
model is the one that leads to higher total active losses.
Observe that overall reactive losses are negative due to the
capacitive effect of underground cables. Moreover, inicigd
discrete variables within a Newton-Raphson method always
creates issues on both convergence [27], [29] and on the set
of tap ratio values [23]. With this regard, the continuousl an
the hybrid ULTC models provide solutions with lower losses
then the discrete one thanks to the possibility of contisyou
varying the tap ratio. Furthermore, the continuous and the
hybrid models require less iterations (i.€l) that the discrete
one (e.g.38), thus confirming the results discussed in [27]. It
is worth noting that the discrete model can also show cycling
if the dead bandib, is too small.

Figure 9 shows a comparison between the values of the
tap ratios obtained using the discrete and the hybrid ULTC
models. While the maximum relative error is abadsts, the
mean error is about.42%, i.e., one or two tap step&m. It
is important to note that the discrete model does not agtuall
guarantee an optimal solution. On the other hand, the hybrid
model provides a solution closer to the one obtained usiag th
continuous model (see Fig. 10), which can be considered as a
virtually “exact” theoretical solution. Thus, the tap m#rrors
shown in Fig. 9 can be roughly interpreted as the deviation of
the solution obtained with the discrete ULTC model from the
optimal one. In this context, “optimal” means a solutionttha
minimizes the vector of voltage errofsv. In fact, if K4 = 0,
the voltage error of the ULTC control iAv = 0. Hence, if
K4 is a small value (say0~3), the voltage error is also small.

Finally, Fig. 11 shows the comparison between the eigenval-
ues obtained using the continuous model and those obtained
using the hybrid one. The maximum relative error is about
10%. However, in the vast majority of the cases the error is
below 2% and the mean relative error is abddt. The results
shown in Fig. 11 confirm that the proposed hybrid model
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Fig. 10. Tap ratio relative and mean errors resulting from dbmparison
of the ULTC continuous and hybrid control models for the 1488-system.
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Fig. 11. Eigenvalue relative and mean errors resulting frioendomparison
of the ULTC continuous and hybrid control models for the 1488-system.
4 [16]
The mean error i9.98%.
[17]

is able to provide an adequate small-signal stability asialy
while preserving the discrete behavior of ULTC devices. (18]

IV. CONCLUSIONS

This paper presents a hybrid control model of ULT®!
devices. This model shows relevant advantages with respect
to existing models, namely the discrete and the continuois]
ones. Compared to the discrete model, the proposed model
allows defining eigenvalues and, hence, allows solving dlsmay;
signal stability analysis based on the computation of thtest
matrix eigenvalues. With respect to the continuous model, t
proposed hybrid ULTC model preserves the discrete behavgzozr]
of the tap ratio and allows minimizing the voltage error.
The case studies show that the proposed model is robiliil
precise and has a computational burden comparable with the
continuous model.
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