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Abstract—A transformer is the most widely used equipment in
power systems to transfer energy from one circuit to another. For
real-time electromagnetic transient simulation, this paper presents
a digital hardware emulation of the power transformer on a field
programmable gate array. The linear model of the transformer
is based on the admittance matrix approach. Detailed real-time
modeling of the transient nonlinearities, including hysteresis phe-
nomena, is carried out based on the Preisach theory. The nonlinear
solution in real time is undertaken using a full Newton iteration.
All the hardware modules for the transformer emulation were
developed in VHDL. The model is fully parallelized and pipelined
to achieve the lowest latency and the smallest hardware resource
consumption. Real-time results on the oscilloscope are compared
with off-line results from the ATP software.

Index Terms—Electromagnetic transient (EMT) analyses, em-
bedded systems, field programmable gate arrays (FPGAs), hys-
teresis, real-time systems, saturation, transformer modeling.

I. INTRODUCTION

A REAL-TIME digital simulator is an important tool in
the analysis of power systems for the design and.devel-
opment of new solutions to alleviate operational challenges of
complex grids. Field programmable gate arrays (FPGAs) have
been successfully and widely employed in digital industrial
control systems for demanding applications [1]-[5]. FPGAs
are also making inroads into real-time simulation due to their
parallel hardwired architecture, which allows detailed model-
ing of power system components with very small time steps
to capture transients with high fidelity. FPGA-based digital
hardware models of several power.system apparatus such as
transmission lines, rotating machines, and power electronic
equipment [6]-[14] have started to appear in the literature.
When it comes_ t0 fransient simulation, a transformer is the
most ignored<power system component. In real-time simu-
lation, in particular, /to achieve a small time step, as well
as to accommodaté a large system size on limited simulator
hardware, the transformer model is either entirely omitted or
represented using a simplified equivalent containing only the
winding leakage impedance. Yet, power transformers have a
great impact on the behavior of transient overvoltages and
overcurrents; for example, phenomena, such as inrush current,
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ferroresonance, and harmonics, present daunting technical and
economic challenges to customer loads and to system operators.

Transformer models for electromagnetic transient (EMT)
analysis can be broadly classified-[15] into three groups: 1) ad-
mittance matrix representation for multiwinding and multi-
phase transformers, e.g., the BCTRAN model; 2) star-circuit
representation based ontthe saturable transformer component
(STC model); and 3) topology-based representation, e.g., the
unified magnetic equivalent circuit (UMEC) model. All of these
models are appropriate for low- and mid-frequency transient
analysis (up-to 10 kHz); however, each of them has inher-
ent limitations, which influence their applicability in real-time
simulation. In the BCTRAN model, mutual phase coupling is
included; however, this model does not differentiate between
different core designs or winding topologies [16]. The main
limitation of the STC model is that it cannot be used to represent
transformers with more than three windings because of its
reliance on the star configuration [17]. The topology-based
models, such as UMEC, can represent very accurately any type
of core design as long as the design parameters are adequately
available [18]. Due to their detailed nature, the computational
time of such models can be much longer than the previous two
models.

A computationally simple way to represent transformer core
nonlinear behavior is to use a piecewise linear representation
[19] with multiple slopes for the B—H curve, and implemented
using switched linear inductors in several EMT programs. This
method is currently employed in both off-line and real-time
transient simulations. A more rigorous method is to solve
the nonlinearity using an iterative Newton process, of course,
at the expense of a higher computational cost. The accurate
modeling of hysteresis with independent formation of major
and minor loops, as well as the modeling of eddy currents, are
paramount for analyzing ferroresonance transients, as well as
transient recovery overvoltage [15]. Yet, hysteresis phenomena
are usually represented by a constant resistance, or codependent
loops, whereas the eddy currents are included as a constant
resistor in shunt with the magnetizing inductance in transient
programs. Nevertheless, there are detailed magnetic hysteresis
models available in the literature, such as the Jiles—Atherton
and Preisach models. A comprehensive treatment of hysteresis
models can be found in [20]-[22]. Similarly, complex eddy
current models are also available [23]-[25]. For real-time sim-
ulation, a detailed and accurate implementation of saturation,
hysteresis, and eddy current phenomena is yet to be reported in
the literature mainly due to their computational complexity.

This paper proposes a real-time nonlinear hysteretic power
transformer model on the FPGA. The linear dynamics of
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Fig. 1. Overall architecture of the real-time nonlinear hysteretic transformer
model on FPGA.

the model are based on the admittance matrix representation.
Nonlinear saturation is modeled by a fully iterative Newton-
Raphson (N-R) method. The hysteresis phenomena are mod-
eled based on the Preisach theory, whereas the eddy currents
in the core are modeled using a frequency-dependent equiv-
alent network. The entire power transformer nonlinear hard-
ware model and the associated numerics were developed using
the VHDL language, employing IEEE 32-bit-floating-point
precision. All the transformer modules employ full hardware
parallelism and deep pipelining to optimize the hardware re-
sources and model latency. The real-time simulation results are
validated in off-line using the ATP' software. The remainder
of the paper is organized as follows: Section Il provides the
hardware design details of the power transformer. Section III
provides various case studies and results to validate the em-
ulated transformer model on the FPGA. Section IV gives the
conclusion of the paper.

11 DIGITAL HARDWARE EMULATION
OF THE POWER TRANSFORMER

The complete real-time transformer model hardware archi-
tecture is shown in Fig. 1. It can be divided into three parts:
the linear module, the nonlinear module, and the main control
module. The linear module is built up based on the admittance
matrix approach after discretizing the transformer differential
equations, and is used to update the transformer history current
terms, and calculates the node voltages without the nonlinear
elements according to the compensation method. The nonlinear
module contains two parts, i.e., the Preisach hysteretic unit
(PHU) and the N-R nonlinear solver unit, for finding the
solution to the nonlinear equations. Further details regarding
the nonlinear module are provided in Section II-C. The control
module sends command signals to other modules to control
which functions will be performed by each module and also
waits for the signals sent back by each module, so that all
modules can be operated either in parallel or sequentially, as
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Fig. 3. Single-phase n-winding transformer.

required by the transient algorithm. Fig. 2 shows the detailed
finite state machine (FSM) for the main control module. Sy
calculates the summation of all the history current terms (Ip;st)
received from the linear transformer module (Ip;si7), the eddy
current module (It ), and the network components (Ipistpet)
that include the passive element (RLC) and transmission line
(Tline) modules, which together constitute the linear part of a
power system. S computes the nodal voltages (v,) without
the nonlinear elements. S5 evaluates the nonlinear functions of
f(2com) and their derivative df (ig,,). Sy performs the N-R
procedure to compute the results in each iteration; if the result
is converged, then the FSM goes to S5 to calculate the nodal
voltages (v); otherwise, it goes back to Ss. In Sg, the trans-
former linear module, the eddy current module, and the RLC
and TLine modules update their history terms.

A. Admittance Matrix Transformer Representation

1) Linear Model Formulation: The admittance matrix for-
mulation results from the concept of mutually coupled coils.
Under transient conditions, the governing equations for a
single-phase n-winding transformer (see Fig. 3) can be ex-
pressed as

d . _ s
% T:L 1’UTfL 1I{ZT (1)

where v and ¢ are nx1 vectors, which are expressed as v =
[’L}Tl (t)UTQ (t) UTn (t) ]T and 7:T = [iTl (t)iTQ (t) . .iTn (t) }T,
respectively. R is an n x n diagonal matrix of winding
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resistance and L is an n x n matrix of winding leakage induc-
tances, which are given by

Liy Lys Ly,
Ly Lo Lo,
R=diag{ Ry Ry ... R, },L=| ' '
Lnl Ln2 v Lnn
)

The entries of R and L can be found directly from the short-
circuit test data.

For a three-phase transformer, the governing equation is the
same as (1), except each entry of R and L matricesis a 3 x 3
submatrix, i.e., R, and Ly, (p,¢ = 1,2,...,n) given by

Rpa 0 0 Lpaqa Lpaqb Lpaqc
Rp = 0 pr 0 ,qu = Lpbqa Lpbqb Lpch
0 0 Rpc chqa chqb chqc

3)

where a, b, and c stand for the three phases.
Using the trapezoidal rule to discretize (1), the discrete-time
difference equation is given by

ir(t) = Gur(t) + hist(t — At) )

where At is the simulation time step, with hist(t — At) being
the n x 1 vector containing history terms, which isgiven by

hist(t — At) = Hop(t — At) + (I — 2GR)hist(t — 2A¢)

(@)

H = 2(G - GRG) (6)
-1

G = [I + A;L‘lR] %Lfl (7)

with I being the n x n'identity matrix.

2) Linear Module Hardware Design:’ There are two main
functions for this module: 1) calculate the history currents and
send them to the linear solver; 2) save the updated history
currents within this module to use them in the next iteration.
The main control’ module sends a signal to this module to
indicate which operation is to be executed.

As indicated by (5), the history current calculation can be
carried out by matrix multiplication. A matrix vector multi-
plication (MVM) unit, which is part of the linear solver, has
been developed for this purpose. Since the entries in R, L,
G, and H are the properties of the transformer, which are
unchanged, these parameters can be saved in memory before the
real-time simulation begins. Furthermore, instead of saving R
and L individually, the result of 2(G — GRG) and (I — 2GR)
can be saved as H and IGR in the memory, respectively, to
further reduce the computational complexity and latency. The
matrix storage format consists of two RAMs defined to store the
precalculated transformer matrices: a 32-bit RAM val, which
stores the matrix entities row-wise, and a 9-bit RAM, consisting
of the last 8-bit cid to store the column indexes and the first bit
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rlb to label the same row entities with “0” or “1.” Fig. 4 shows
an example matrix and its storage format.

In Fig. 5(a), the RAMSs (rmHcol, rmH, rmIGRcol, and IGR)
containing the transformer parameters are generated by the
aforementioned rule, and rmV stores the transformer nodal
voltages calculated by the nonlinear solver, whereas rmlh stores
the history current terms calculated in the previous time step.
When the linear module executes the updated function, the
aforementioned memory devices are accessed sequentially by
adHcol, adH, adlGRcol, and adIGR, and the data are sent to
the MVM function unit. The timing diagram of this operation is
shown in Fig. 5(b).

As shown in Fig. 6(a), the MVM hardware unit is comprised
of one floating-point multiplier, one floating-to-fixed-point con-
verter, one fixed-to-floating-point converter, and two fixed-
point adders. The reason for a fixed-point adder in this module
is that the floating-point adder needs much more logic resources
and a higher clock latency, although the fixed-point adder only
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(c) Timing diagram. (d) rmInode vector.

needs one clock-cycle latency. The inserted registers in this
unit are used for synchronization purposes. In order to achieve
fully pipelined computation, the two adders with opposite reset
signals are implemented here to eliminate stall between two
continuous row-vector multiplications. The value of counter ¢
increases by one if rIb is changed. Fig 6(b) shows the logical
timing diagram of these operations.

3) Inode Unit Design: After calculating the history currents,
an Inode unit is used to form the history current vector. For a
specific node, more than one history current can be connected
to this node, as shown in Fig. 7(a). Therefore, the Inode unit

1
2 clocks
’ Tnodecfg (11 b
§
3 1 =

i ,_.;7
| ;ﬁ }@ﬁﬂnﬁn’:lu ! ;”

2 clock

rmly;

et
{ Inode Unit 8 bit? 10 bits 32 bilt;mk130 bits
r

Fig. 8. Inode unit: hardware design.
is introduced to obtain the summation history current at each
node. Three vectors are defined, as shown in Fig. 7(b):

1) a 12-bit rmInodecfg to store configuration information
of each node. The bit assignments are as follows:
rmInodecfg(9-0) indicates which history current is con-
nected to this node, rminodecfg(10) indicates its flow
direction (flow into or out of this node) with “1” or “0,”
and rminodecfg(11)indicates whether all history currents
are connected to the same node with “1” or “0”;

2) a 32-bit rmdy;st to store the value of history current;

3) an 8-bit rmiNo to store the index of each node.

Fig. 8 shows the hardware design of the Inode unit, which
is  quite similar to the MVM unit. The counter, whose value
increases by one if rminodecfg(11) is changed, is connected to
rmINo, so that the accumulated history current can be saved at
the right address in the current vector rmlInode. The timing
diagram and the corresponding rmlnode vector are shown in
Fig. 7(c) and (d), respectively.

B. Nonlinear Module

Inclusion of nonlinearities is necessary for accurate modeling
of transformer behavior. To achieve that, nonlinear elements
are attached externally at the linear module terminals. In most
magnetic materials, the saturation phenomena can be seen in
the continuous magnetization curve: as the current increases,
the flux value increases to a maximum asymptotically. While
saturation is independent of the history current value, the
hysteresis effect is dependent on history, meaning that the
flux cannot be determined only by instantaneous current value;
however, it can be determined given the history current value.
The major hysteresis loop (see Fig. 9) is the outermost loop,
which enters the saturation region at the reversal points (1-2),
whereas other closed loops are considered minor loops (3—4
and 5-6). Furthermore, saturation is dominant when current
has increased to a large value, whereas hysteresis plays an
important role when the transformer operates with a small value
of current.

1) Compensation and N-R Iterations: By externally con-
necting a nonlinear element, the power system can be divided
into two parts, i.e., linear and nonlinear, as shown in Fig. 10(a).
For the linear part, in an n-node power system, the nodal
analysis method is employed as

Yovo =i ®)
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where Y is the m x n admittance matrix without nonlinear
elements; vy and ¢ are n x 1 vectors of unknown nodal
voltages and known nodal currents, respectively, which are
expressed as vo = [vo1(t) vo2(t) von(t)]T and i =
[ia(t) iat) ... in()]".

For the solution of the nonlinear part, the compensation
method is employed. After the linear solution of a network is
found, an n-node power system with n; nonlinear elements is
solved, as illustrated in Fig. 10(b) and in

f(lkm) = Uopen — I'thevik:m (9)

where vgpen is the 1y X 1 open-circuit voltage vector (a sub-
set of vy) without the nonlinear elements, and %, is the
n; X 1 nonlinear element current injection vector with k; and

3591
my(l=1,2,...,n;) being the node indexes to which the non-
linear elements are connected, which are expressed as

Vopen = [Vok, (1) = Vom, (t)  Voky () — Vo, ()
+ Voky, (8) = Vom,,, ()T (10)

ikm = [ikl'rnl (t) ikz’!ng (t) iknl'mnl (t) ]T- (1 1)

T'thev 1S the m; X n; Thevenin equivalent resistance matrix
that can be found from Y, and f(iyp,) are the nonlinear
functions. The intersection of linear and nonlinear spaces is
the set of solution ,,, as shown in Fig. 10(b). In the pro-
posed module, these nonlinearfunctions are generated either
by a five-segment piecewise nonlinear function to represent the
saturation effect or the Preisach model, as detailed in the next
section, to represent both of the saturation and the hysteresis
effect. Equation (9).s solved simultaneously for %, using the
N-R iteration. Linearizing (9) using the'N-R iteration results in
the following equation:

J (i{;j —il ) - _F (iim)

where J 1is the Jacobian matrix; zijnl and ii:m are the current
vectors at the (j + 1)th and jth iterations, respectively. J and F

can be computed as

12)

_ 9P (i) _ 07 (i1,
= o, Tthev T o (13)

km km

-F = Vopen — rthevikm - f(zkm)

The convergence conditions, with small enough values of €;
and €5, are defined as

i

im

— 4] || < e and ||F(ikm)3+1|| < €.
The final network solution is found by superimposing the
response of 2, on the linear network solution

v = v9 — Rrnevitm (15)

where v is the m x 1 node voltage vector with nonlinear
branches, which is expressedasv = [v1 vo ... v,]7,and
Rrpev 1s an n X n; matrix obtained from Y.

For example, for the nonlinear inductance, the characteristic
function is provided in the form

Alt) = Fi (Grem(t))

where the flux A(¢) is the integral of node voltage over a time
step, i.e.,

(16)

t
) = At — At) + / v (u)du. (17)
t—At
Applying the trapezoidal rule results in
A
A) = 7t (1) + Anet (f — AY) (18)
where

At -,

Anist (t — At) = A(t — At) + 5 v (t — At). (19)
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From (18) and (16), the set of nonlinear equations to determine
Tkm 1S given by

Fa = o 13 (1)) = M (= A0)

- vopen(t) + Tihevlhm (t) (20)

Then, the Jacobian matrix and the nonlinear equations for this
case can be rewritten as

Fa(#, (1) 2

=S EMONE

T (1) ‘
—Fx = vopen(t) = Tinev ¥y, (1)

_ [f/\ (zim(t)) — Anist (¢ — At)] N

2) PHU: The major loop hysteresis function is geometri-
cally represented by the following hyperbolic function [26]:

= Tthev T
(21)

3

)\pmzkm *EZ

tanh bulim) + cu sec h? (buikm)]

l\D

(22)
where a,, b,, and ¢, are the parameters to define this
hyperbolic template; %y, is the current value vector flow-
ing through the nonlinear inductances as before; and
A m = [Ap_mi Ap_m2 Ap_mn, |7 is the flux density
corresponding to this current value vector on the major loop.
The subscript “p_m” stands for Preisach major loop.

Once the major loop function is fixed, all the. minor
loop trajectories from a reversal point follow this uni-
form template. The reversal point can be’ captured when
Ap_mi(t + At) > A, ,i(t) on a downward trajectory, or when
Ap_mi(t + At) < Ap_nu(t) on an upward trajectory (I = 1,2,

n;). In general, Preisach upward.and downward trajectories
from a reversal point (4,;, A,;) can be expressed as (23) and
(24), respectively [27], where 2, = [iyq . 49 i, | and
A=A A2 Avity |- The reversal points need to be
recorded in a reversal point stack (RPS), while traveling the
hysteresis loop; for example, when flux density starts increas-
ing from point 5 and reaches point 6,-the trajectory beyond
the reversal point 6-is defined by the template beginning at
point 3, as shown in Fig. 9. Thus,f the flux density increases
or decreases out of the outer loop, the last two coordinates in
the stack are removed. This example is initialized by saving the
two major loop reversal points (1 and 2) in the stack; these two
points cannot be removed since all the trajectories cannot be
beyond the major loop, as illustrated in Fig. 11. The trajectory
is processed by going through the following reversal points:
1-4-3-6-5, with the corresponding stack shown in Fig. 11(a).
Once the trajectory increases beyond point 6, the reversal points
5 and 6 are removed due to the reason previously discussed, as
shown in Fig. 11(b). The flux density trajectories corresponding
to the instantaneous current in an upward A, ,, minor loop or a
downward A\, ; minor loop are given by

Ap_u (km) =

- )‘p_m(_ikm) - }‘p_m(ir) + Ar

+ QK(_ir)K(ikm) (23)
)‘p_d(ikm) = >‘p_m (ikm) + Ap_m(_ir) + Ar
— 2K (i) K (~tkm) (24)
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where
K=[K K K]
Ap_m(—2), r <0
Kl (.T) = { Ap_WL(7E)+AD_7n(I) x > 0
2\/)‘p_m(z) ’
l= 1, 2, e,y

The functions d/dégmAp_u(tkm) and d/digmAp_a(ikm,) for
upward and downward trajectories, respectively, can be ex-
pressed as

%Ap_u(ikm) = dXAp_m(—tkm) + 2K (=%, )dK (tm)
(25)

%)\p_d(ikm) = dp_m(Tpm) + 2K () dK (—tgm).
(26)

Substituting (23) and (24) into (16), the Jacobian matrix can be
computed by (21) using the differentials (25) and (26).

Nonlinear Module Hardware Design: Several hardware im-
plementations are available, such as COordinate Rotation
DIgital Computer (CORDIC), to evaluate the nonlinear func-
tions required in the N-R iteration. However, since the number
of iterations executed is unknown, the computational burden
and latency could be too high to achieve real-time execution.
In the PHU, lookup tables (LUTs) are employed instead to
compute the nonlinear functions.

As shown in Fig. 12, taking the advantage of parallelism
of logic resources, the function f(ig;,) and d/igm f(¢km)
can be evaluated simultaneously. The address generator (AG)
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Fig. 14. Cauer equivalent circuit for the frequency-dependent eddy current
model.

functional unit is used to convert the 32-bit floating-point 2,
into integer numbers to address the LUTs. Equations (23)—(26)
show that function f(4,) and d/igm, f (4km) can be evaluated
with 2g,, Oor —tgy,, ¢, or —t,, depending on the trajectory
direction. Therefore, before 2j,, is input into the AG unit,
its trajectory direction must be known. In addition, since the
function K (i) is dependent on the sign of 4y, (25), two
K (igm) LUTs (K+, K—) are precalculated, and the first bit
of %y, (or —1x,,) determines which value is involved in the
calculation by using a multiplexer mux.

As shown in Fig. 13, after finding the values of f(%x.,)
and d/tgm f (km ), the function Jacobian matrix eompute unit
(JMCU) computes the values of —F and J, as given in (21), and
then, the Gauss—Jordan elimination (GJE) unitis used to solve
the algebraic equation (12). If the calculated 2., is satisfies
(14), then 2, is used to compensate the voltage vy to find
the final result v (15). If the %, has not converged, then it is
used as an input for the next iteration until convergence or the
maximum number of iterations is reached.

C. Frequency-Dependent Eddy Citrrent Model

Eddy currents, a_part of the transformer core losses, are
induced by the<change in the magnefic field. While they can
be reduced by using a laminated core, previous works indicate
that eddy “current losses are frequency dependent. However,
in transformer transient models, commonly, the eddy current
phenomena are represented by a constant resistance in parallel
with the magnetizing inductance. Thus, this representation is
invalid over a wide frequency range.

A Cauer equivalent circuit has been developed to represent
the frequency dependence as a cascade of RL lumped sections
(see Fig. 14). The accuracy of this model over a wide frequency
range depends on the number of RL sections. Four sections are
required to represent the frequency up to 200 kHz with an error
of less than 5% [25].

The parameters of the Cauer model can be derived as

NQA/A L()
Lo = d Lp=—"—
0 M BT )
AN?A
Ry = and Ry = Ro(4k—1). (27

ld?~

Switch Matrix

I |

Fig. 15.  Virtex-7 FPGA architecture.

The symbols u, v, A, d, [, and N stand for the magnetic
permeability of the steel lamination, the electrical conductivity
of the steel lamination, the total cross-sectional area of all
laminations, the thickness of the lamination, the length of the
core limb, and the number of coil turns, respectively.

The overall frequency-dependent nonlinear hysteretic trans-
former.model is shown in Fig. 14.

III. CASE STUDY AND EXPERIMENTAL RESULTS
A. Experimental Setup

The real-time nonlinear hysteretic transformer EMT model
is implemented on the Xilinx Virtex-7 VC707 XC7VX485T
FPGA, which is featured as following: 485-K logic cells,
37-Mbit block RAMs, 2800 DSP slices, and 700 user input/
output pins. User design functionality can be realized by
configurable logic blocks (CLBs) and DSP slices. As shown
in Fig. 15, each CLB contains two slices, and each slice is
composed of four 6-input LUTs, eight flip-flops, multiplexers,
and arithmetic carry logic. The two slices in each CLB are not
connected, and each CLB, as well as each slice, is organized
as a column. In each column, the slice is connected by an
independent carry chain. A switch matrix connected to all slices
is for accessing to the general routing matrix purpose. As shown
in Fig. 16, the Virtex-7 FPGA outputs the real-time simulation
results to a digital-to-analog converter (DAC) board through
an FPGA Mezzanine Card (FMC) connector integrated on the
board, and an FMC-to-DAC adapter, and the real-time data are
captured by an oscilloscope. The Chipscope is a convenient
tool provided by ISE software to visualize data. This tool can
be used to analyze short transient periods; however, due to
the limitation of the sampling number (up to 131072), this
tool cannot be used to trace the waveforms. The overall logic
elements utilized by the nonlinear transformer model is 15%.
The real-time simulation was carried out with a time step of
10 us on the FPGA input clock frequency of 100 MHz. The
breakdown of model latencies in one simulation time step is
shown in Fig. 17. The execution time for one time step is
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9.24 s, with a maximum of three Newton iterations per time
step. This means that, within a 50-us time step, which is the
acceptable time step for<real-time transient simulation, this
FPGA-based nonlinear transformer model can simulate five
nonlinear transformers in real‘time with very small hardware
resource consumption. Increasing the<hardware utility or the
clock frequency, it is also possibleto simulate a larger power
system with more transformer models, including the nonlinear
and frequency-dependent phenomena.

B. Case Study I

Two power systems are studied to show the effectiveness
and accuracy of the proposed FPGA-based real-time nonlinear
transformer model. Fig. 18 shows the first case study: single-
line diagram of a three-phase system. A transformer 7T is
connected to a voltage source G through a circuit breaker Sy .
C is the breaker’s grading capacitance, and C), is the phase-to-
earth capacitance, including transformer winding capacitance.
The system data are listed in the Appendix. The real-time
simulation results are validated by off-line software ATP.

1) Inrush Current Transients: In this inrush-current-
transient case study, capacitors Cs and C), are removed in
Fig. 18, and a five-segment piecewise nonlinear function is
employed to represent the saturation effect. When the breaker
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Fig. 19. Breaker current when the breaker closed at ¢ = 0 s. (a) Real-time
simulation results (1 divz = 20 ms; 1 divy = 320 A). (b) Oft-line (ATP)
simulation results.

Sw1 is closed at 0.1 s, the real-time-captured three-phase
breaker current waveforms are shown in Fig. 19(a). As shown
in these waveforms, phases a and c¢ have larger current
amplitude, whereas the amplitude of phase b current is
relatively small. These unbalanced current waveforms are
caused due to the instantaneous voltage supply values being
different in various phases when the breaker S, is closed. The
peak magnitude inrush current value of phases a and c is 210%
of the transformer rated current, and it decays to the steady
state after 0.6 s. Similar inrush current behavior can be seen in
the ATP off-line simulation results in Fig. 19(b).

2) Hysteresis Behavior: To investigate the hysteresis behav-
ior in the magnetizing core, the PHU is used to model the
saturation and hysteresis during the inrush current transient.
The parameters to define the hysteresis trajectory are listed
in the Appendix. The initial flux in the core is set on the
downward major loop trajectory. Fig. 20 shows the real-time
simulation results for the flux and magnetizing current of the
nonlinear transformer. From ¢ = 0 to 0.106 s, the power system
is energized from a voltage source at a value of 0.65 p.u.
As shown in Fig. 20, during the first cycle (1-2), the flux is
nonsymmetrical due to the initial remanent flux, and the peak
flux value is 1 p.u. After the first cycle, the flux is symmetrical
and travels on the minor loop since the value of voltage is not
high enough to drive the transformer working in the saturation
region (3—4). From ¢ = 0.106 to 0.15 s, the breaker is opened
and the flux is locked at 0.62 p.u. From ¢ = 0.15 s, the voltage
rises to 1.25 p.u. and the breaker is reclosed, when the peak
flux value reaches 1.25 p.u., and the high voltage value drives
the flux into the saturation region, travelling on the major
loop (5-6).
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Fig. 21. Primary-side three-phase voltages when the breaker opened at
t = 0.2 s. (a) Real-time simulation results (1 dive =20 ms; 1 divy =
100 kV). (b) Off-line (ATP) simulation results.

Fig. 22. TRV real-time simulation results at ¢ = 0.2 s. (a) Cauer model.
(b) Non-frequency-dependent model (constant resistor) (1 divlz =4 ms;
1divly = 84 kV; 1 div2x = 400 us; 1 div2y = 84 kV).

3) Ferroresonance Transients: Ferroresonance is an electri-
cal phenomenon, which can occur when a nonlinear inductance
is fed from a sinusoidal source. It can cause overvoltages and
overcurrents in the system, with the subsequent risk of damage
to equipment. In Fig. 21, after opening S,,; while the breaker
Swa is closed at t = 0.2 s to simulate a three-phase ground
fault, the voltage waveforms are highly distorted and have a
higher peak value of 220% of the steady-state voltage value.
Again, similar voltage behavior can be observed in the off-line
simulation results in Fig. 21(b).

4) Eddy Current Transient: Transient recovery voltages
(TRVs) manifest across any circuit breaker in power systems
during fault clearance. This case study is initialized by closing
Swa to cause a ground fault and then reopening S,,2 to clear this
fault. The real-time simulation results of voltage across S,z by
using two different models, i.e., a Cauer equivalent circuit and
a constant resistor, are captured. As shown in Fig. 22, the Cauer
model simulation result shows a higher peak value and much
longer damping time than that with a constant resistor model,
this implies that the eddy currents increase the power losses in
the transformer during the transient recovery period.
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Fig. 24. Capacitor switch at ¢ = 1s. (a) Real-time simulation results
(1 dive = 10 ms; 1 divy = 1.06 kV). (b) Oft-line (ATP) simulation results.

C. Case Study Il

In the second case study (see Fig. 23), the studied power
system involves: 1) three transformers (T, 75, T3 ), all of them
employing the full nonlinear modeling; 2) three transmission
lines (Lq, Lo, L3), which are modeled using a distributed pa-
rameter line model (Bergeron’s model); 3) one ideal voltage
source (V5); 4) one switch (5T;) anda capacitor C' are used
to model the capacitor switching. The parameters for this case
study are also listed in the Appendix.

1) Capacitor Switching Transients: The entire power sys-
tem is energizeduntil ¢ = 1's, when the capacitor switching is
initiated by closing ST . Both real-time and off-line simulation
results are captured to show the primary winding voltages at
transformer 75 (see Fig. 24). From the waveforms, after closing
the switch, the voltage dropped to zero because the voltage
of the capacitor at the secondary winding of this transformer
cannot change immediately, and then, a fast voltage recovery
is observed. The distorted recovery voltage is a maximum of
150% of the steady-state voltage value, and it decays to the
steady state after 3 s.

2) Ground Fault Transients: This case study is achieved by
initiating a three-phase-to-ground fault at ¢ = 1 s at the sec-
ondary winding of transformer 75, and the voltage waveforms
at the primary winding of transformer 73 are captured in both
real-time and off-line simulation results, as shown in Fig. 25.
Compared with capacitor switching transients, the ground fault
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Fig. 25. Ground fault at ¢t=1s. (a) Real-time simulation results
(1 dive = 20 ms; 1 divy = 1.5 kV). (b) Off-line (ATP) simulation results

transients behave in a highly distorted fashion; however, there
is no overshoot in voltage, and the steady state is achieved
after 4's.

IV. CONCLUSION

A nonlinear hysteretic power transformer hardware model
has been developed in real time on the FPGA. Taking the
natural advantages of the hardwired architecture, parallelism, as
well as pipelining, enabled us to achieve real-time simulation.
This hardware power transformer model has the following
features: linear model to update the history current terms;
nonlinear phenomena, such as hysteresis, are included with
a Newton iteration for solving the nonlinear equations; the
Preisach model was used to define the hysteretic loop; and a
frequency-dependent equivalent circuit was used to model the
eddy current behavior. Two case studies have been analyzed
to show the accuracy and efficiency of this proposed model
under various transient conditions. The hardware utility and
simulation time show that the FPGA-based model can still
realize real-time simulation even if the power system is large.

APPENDIX

I. Parameters of case study I, Inrush Current Transient: Three-
phase Transformer 7: 250 MVA, 200 kV/400 kV, Y-Y
connection; Voltage source GG: 20 KV; Resistance R: 1 ).

II. Parameters of case study I, Ferroresonance and Eddy Current
Transients: Three-phase Transformer 7": 250 MVA, 125 kV/
500 kV, Y=Y connection; Voltage source G: 50 KV; Capa-
citance Cj, Cp: 0.05 uF, 0.0125 piF; Resistance R: 500 €2.

II1. Parameters of case study II: Three-phase Y-Y Transformers
Ty, T, T3: 20 MVA, 15 kV/35 kV, 32 kV/14 kV, 32 kV/
20 kV; Transmission line inductance: mode +: 1.556 mH/m,
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mode 0: 5.819 mH/m; Transmission line capacitance:
mode +: 0.0194 pF/m, mode 0: 0.0120 pF/m; Trans-
mission line L1, L2, L.3: 120 m, 140 m, 180 m.

IV. Parameters of hysteresis trajectory: a; = 0.7900;
as = 0.2430; a3 =200; by =0.0186; by = 1.1236;
b3 = 0.0105; ¢; = 0.0214; co = 0.5736; c3 = 0.5203.
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