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A Generalized Associated Discrete Circuit Model of
Power Converters in Real-Time Simulation

Keyou Wang
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Abstract—Power converters in the system-level real-time simu-
lation are usually emulated by L/C-based associated discrete cir-
cuit (L/C-ADC). However, the L/C-ADC approaches may suffer
from two issues: How to mitigate the unacceptable virtual power
loss especially in high-frequency applications, and how to tune
LC parameters setting which is affected by the external circuit.
This paper proposes a novel generalized associated discrete cir-
cuit (G-ADC) model with parameterized history current sources.
By utilizing the stability region of the feasible parameter space, the
optimized G-ADC models with the best damping characteristic are
developed for both two-level and three-level converters. The ana-
lytical results also guarantee that the parameters of the optimized
G-ADC model are independent of the external circuit for most
power grid applications. Furthermore, an field programmable gate
array (FPGA)-based real-time simulation platform is built to ver-
ify the feasibility of the proposed scheme. Extensive simulation and
hardware-in-loop experiment results demonstrate the effectiveness
and superiority of best-damped models as well as the modeling flex-
ibility corresponding to insensitivity to operating conditions and
external system parameters.

Index Terms—Associated discrete circuit (ADC), FPGA, power
converter model, real-time simulation.

I. INTRODUCTION

N THE past decades, there is a dramatic increase in in-
I stallation of renewable energy plants, distributed generators,
VSC-HVDC, and FACTS devices in the power grid [1]. Most
researches on these power electronic devices rely on the ac-
curate and efficient modeling and simulation [2]. Especially in
hardware-in-the-loop (HIL) applications, real-time simulations
are required, which are used for designing, testing, and ana-
lyzing power system devices [3], including electrical machines,
power transformers, and power electronic devices [4]-[7]. How-
ever, the discrete characteristic and high-frequency characteris-
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tic bring great challenges to the modeling of power converters
in electromagnetic transient simulations [8].

The power converter switches in offline simulation tools, such
as PSCAD/EMTDC, are usually modeled with the two-value-
resistor model. The switch is represented as a large resistor
when it is OFF and represented as a small resistor when it is
ON [9]. Some efforts have been made to satisfy the real-time
requirements for this model [ 10]. However, the varied equivalent
admittance requires the reformation of admittance matrix every
time switch states change, largely increasing the computation
burden.

To avoid this drawback, a fixed-equivalent-admittance model
is proposed in [11]-[14], which is termed as the associated dis-
crete circuit (ADC) model. Simulations based on this model
usually adopt much smaller time steps (<2 us) than the tra-
ditional electromagnetic simulation. Hence, this switch model
is also known as the small-time-step model. This model has
been widely used in the real-time simulation of power elec-
tronic devices. The well-known real-time digital power system
simulator RTDS has a small-time-step model library, based on
which complicated power electronic devices, such as a five-level
STATCOM, can be established and studied [15]. Apart from the
commercial simulator, this ADC model is also successfully im-
plemented on field programmable gate array (FPGA) platforms
[16]-[19], or high-performance servers [20].

However, in practical applications, there are still two main
obstacles of applying ADC model.

1) The parameter settings are complicated and related to the

operating conditions and parameters of external circuits
[21], [22].

2) The charging and discharging processes of the small in-
ductor and capacitor in ADC model may cause unaccept-
able virtual power loss [23], which is much larger than
the actual power loss, especially in high-frequency appli-
cations.

In this paper, a generalized associated discrete circuit
(G-ADC) model is proposed to overcome these limitations
of the ADC technique. For clarity, the generalized model is
termed as G-ADC model, and the traditional one is termed as
L/C-based associated discrete circuit (L/C-ADC) model here-
after. Compared to the existing implementation of L/C-ADC
technique, the distinguished features of the G-ADC are as
follows.

1) The proposed G-ADC model is the generalized formu-

lation of L/C-ADC model. G-ADC model has a higher
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Fig. 1. Basic idea of the L/C-ADC model.

dimensional parameter space than L/C-ADC model.
We show that the “best-damping” characteristic of the
optimized G-ADC model cannot be achieved by only tun-
ing the circuit parameters of L/C-ADC model.

2) The effective analysis method and parameter setting ap-
proach of G-ADC model are developed to overcome the
“parameter tuning” obstacle of the L/C-ADC model. The
feasible parameter space of G-ADC model is only related
to the particular converter topology under several rea-
sonable assumptions. In other words, the G-ADC model
can be decoupled from external circuits. Thus, the best-
damped points of G-ADC model are universal for a partic-
ular topology, such as two-level converters or three-level
converters.

3) G-ADC model has more strict mathematical foundations
than L/C-ADC model. L/C-ADC is a heuristic approach
to emulate switches with the charging or discharging RLC
circuits. However, G-ADC is an analytical method which
fits the ideal response of switches with the parameter-
ized discrete system. By analyzing the corresponding dis-
crete system, a variety of numerical stability information
including stability boundary and damping index of the
switching emulation models can be provided. Therefore,
it is easy to show that, in theory, the almost ideal perfor-
mance of the optimized G-ADC model can be guaranteed.

The simulation results also show that the proposed G-ADC

model is capable of improving the accuracy of the switching
emulation for power electronics converters using high switch-
ing frequency without losing the strengths of fixed equivalent
admittance and flexibility of ADC technique.

II. GENERALIZATION OF THE ADC SWITCH MODEL
A. L/C-ADC Model

The basic idea of L/C-ADC model is representing the switch
as a small inductor when it is ON and representing as a small ca-
pacitor with a series resistor when it is OFF, as shown in Fig. 1(a)
and (b). In the widely-used Electromagnetic Transient Program
(EMTP) algorithm proposed by Dommel [24], the branch com-
ponents are discretized into an equivalent admittance associated
with a history current source. The L/C-ADC model can also be
described by this discrete form, as shown in Fig. 1(c).

The equivalent admittances of inductor branch and capaci-
tor/resistor branch are set to be the same by adjusting the induc-
tance L, , capacitance Cj,,, and resistance R, . For example,
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Fig. 2. Basic idea of the G-ADC model.

if the L/C-ADC model is discretized by backward Euler (BE)
method, these three parameters should satisfy

At C9 w
Lew %7 CowRew + At W

while the history current expressions of inductor branch and
capacitor/resistor branch are as follows:

Inp (t) = —I(t— At)
Inon (t) = Yo U (t — At) — Ry Yo I (t — At) .

Y;'w = YL =

(@)

When the switch state changes, only the history current ex-
pression changes while the equivalent admittance remains fixed.
Therefore, the admittance matrix of the simulated system can
be prestored and there is no need to reform the admittance ma-
trix whenever the switch state changes during the simulation.
As the reformation and inversion of matrix raise the cost such
as computational time or/and hardware resources, this fixed-
equivalent-admittance model can remarkably improve the com-
putational efficiency. However, because L/C-ADC model in-
troduces the virtual dynamics of the charging and discharging
behavior of the LC circuits, L/C-ADC model suffers from the
nonuniversality of parameter settings, and the virtual power loss
problem in high-frequency applications.

B. G-ADC Model

Inspired by the L/C-ADC model, we first come up with a
more general idea of the ADC model, i.e., representing the
switch with an ON-state emulating circuit when it is ON and
representing with an OFF-state emulating circuit when it is OFF,
as shown in Fig. 2(a) and (b).

The ON-state emulating circuit and the OFF-state emulating
circuit can be any circuit as long as they satisfy these two fol-
lowing requirements:

1) The equivalent admittances of these two circuits should
have the same value to make sure there is no need to
reform the admittance matrix after switching actions.

2) The steady-state characteristics and transient-state char-
acteristics of these circuits should be close to those of the
ideal switches.

No matter what these ON-state emulating circuit and OFF-state
emulating circuit are, their corresponding discrete circuits have
the identical form, as shown in Fig. 2(c). Therefore, it is more
general to define the G-ADC model by an equivalent admittance
Yon associated with a history current source Ij, on at ON state
and Yopr associated with Ij, opp at OFF state, respectively. For
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the sake of generality, the history current expressions of this
generalized model are formulated by

I o (t) = aogU (t — At) + Bog I (t — Al) . )

{Ihon () = onU (t — At) + Bonl (t — At)
Different with the L/C-ADC model whose parameters to
be set are the RLC values of the analog circuits, it is the
discrete circuit parameters of G-ADC model, i.e., the equiv-
alent admittances Yon, Yorr, the history current coefficients,
Qoffy Pofts Cons Pons Which are to be set by the users.

So the first requirement of ON-state emulating circuit and OFF-
state emulating circuit, is easy to be satisfied by directly setting
their equivalent admittances Yon and Yopp equal to the same
value Y, .

As for the second requirement, the steady-state characteristics
and transient-state characteristics are both determined by the
history current expressions. How to constrain the history current
coefficients to make sure the G-ADC model can well emulate
the ideal switch will be discussed in the following sections.

III. FEASIBLE PARAMETER SPACE OF G-ADC MODEL FOR
TwoO-LEVEL CONVERTERS

The proposed G-ADC model in the last section is a parameter-
ized switch model with five parameters undetermined, including
the equivalent admittance of switch, Y;,,, and the coefficients
of history current expressions, g, Foff, Cons Fon- In this sec-
tion, the impacts of these parameters on the steady-state and
transient-state characteristics of the switch are analyzed and the
feasible parameter space is explored and discussed when the
G-ADC model is applied to two-level converters. In this feasi-
ble parameter space, the best-damped models with the fastest
damping speed of transient errors are proposed.

A. Assumptions

The characteristic analysis of G-ADC model for two-level
converters is based on the following assumptions:
1) The two-level converter can be decomposed into the half-
bridge circuit in Fig. 3(a) and the switches to be modeled
work in the opposite ON/OFF states.
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Basic half-bridge circuit. (a) Analog form. (b) Discrete form. (c) Equivalent form.

2) The filter inductor can be seen as an independent current
source, and the smoothing capacitor can be seen as an
independent voltage source.

The first assumption is satisfied for both half-bridge and full-
bridge converters, which are the basic topologies of two-level
converters. The second assumption is also easy to be satisfied
when the dynamics of filter inductor and capacitor are much
slower than the switching actions, which will be further elab-
orated in the Appendix. With these assumptions, the switching
dynamics of two-level converters can be analyzed with the ba-
sic circuit unit in Fig. 3(c), which is independent of the external
circuit.

B. Steady-State Characteristic Constraints

In most cases, the ideal switch model is accurate enough for
the system-level simulation. To emulate the ideal switch, the G-
ADC model is supposed to have the steady-state characteristics
as follows:

1) When the switch state is ON, no matter what the branch

current is, there is no branch voltage over this switch.

2) When the switch state is OFF, no matter what the branch

voltage is, there is no branch current through this switch.

To determine the parameters of G-ADC model, we need to
find the constraints of history current coefficients equivalent to
these descriptions above. Take the upper switch .S, in Fig. 3(a)
for example, its branch current at ON state is

I, (t) =YU, (t) — Inon (1)
=Y, U, (t) — aonU, (t — AL) — Bon Iy (t — At).
“)
Its branch current at OFF state is
L, (t) = Y, Uy (t) — Inorr (1)
=Y Us (t) — aon Uy (t — At) — Bogg I, (t — Al).
&)

When the upper switch is ON and reaches a steady state, its
voltage and current should satisfy

{Uu (t)=U, (t—At) =0

I (t) =1, (t— At). ©
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When the upper switch is OFF and reaches a steady state, its
voltage and current should satisfy

{mxw:ma—Aw

I (t) =1, (t— At) =0, @

By substituting (6) into (4) and substituting (7) into (5), we can
conclude that only if the following equations are satisfied, the
G-ADC model can have the ideal steady-state characteristics:

Qoff = Y;w
(®)
ﬁon = -1

C. Transient-State Characteristic Constraints

There are two working modes of the half-bridge circuit in
Fig. 3(a), i.e., S, is OFF while S; is ON and .S, is ON while 5
OFF. After a mode change, the simulated half-bridge in Fig. 3(c)
can be regarded as a discrete time system with the nonzero
initial state. To better emulate the transient processes of the
ideal switch, the zero-input responses of the discrete system
should converge to the steady-state values as soon as possible.

As the half-bridge circuit is a symmetrical topology, the zero-
input responses of both mode changes turn out to have the
symmetrical expressions. Hence, only the zero-input responses
of the former mode (.S, is OFF while S is ON) is derived below.

First, we can list the KCL equations of Fig. 3(c) in the complex
frequency domain

0= Iu (Z) + Ihu (Z) - Ysu Uu (Z)
0=1(2) + In (2) = Yau Up (2) ©)
0=1,(2) = I (2) — L.

With a and [y, determined by (8), the history currents of
the upper and lower switches can be expressed by

Iy, (Z) =z (}/su; U, (Z) + 6offlu (Z))
{hmazz*«mﬂmw—nu» o
where
U, (2) = U4 — U, (2)
{Ul (Z)Z%Ud—FUU (Z) (i

Substituting (10) and (11) into (9), we can obtain three equa-
tions with I, (2), I;(2), and U, (z) unknown. Solving these equa-
tions, we can acquire;
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1) the zero-input response of I, I;, and U, in the complex
frequency domain (12) shown at the bottom of this page,
and

2) the characteristic equation of the discrete system (13)

P(Z) = Ysur<z - 1)2 + (Z + 603) (}/;wz - aon) .
(13)

According to the Jury Stability Criterion [25], the second—
order discrete system is stable if the conditions P(1) > 0,
P(—1) > 0 and |ag| < ao are all satisfied, where a2 and aq
are the coefficients of 2" and 22 in (13), respectively. Therefore,
we can make sure the half-bridge modeled by G-ADC is stable,
if and only if v, and [, satisfy the following constraints:
(%+1)(ﬁoff—1)<4

sw

(o3
on ﬁ g >—1
Yiu o (14)
<1
Bogg > —1.

The constraints (14) and (8) are utilized together to describe
the feasible parameter space of G-ADC model for two-level
converters.

D. Best-Damped G-ADC Models in Feasible Parameter Space

Typically, for a stable discrete time system, the speed of re-
sponse of the system is captured by the modulus of the largest
eigenvalue. All the moduli are much closer to zero, in other
word, the discrete system is much more stable. Therefore, to
quantify the stability margin and the damping degree, we define
an index of the max modulus of poles, M MoP as

MMoP = max (|p1], |p2]) (15)

where the poles p; and p2, can be obtained according to (13) as
shown in (16) at the bottom of this page.

With this index, how the coefficients cvy, and [, significantly
impact on the stability and damping can be shown intuitively by
Fig. 4. The z-axis represents the M MoP, the x-axis represents
@on/ Ysuw , and the y-axis represents Gof. The black bold line is the
stability boundary of G-ADC model for two-level converters.
Within the feasible parameter space described by (14), there are
two lowest parameter points shown in Fig. 4 where M MoP is

I (Z) _ Y Ud(Ysu'Z_a011>(2_1)_Y<u'10(2_1)2
“ Yow (2=1)" 4 (2+Bost) (Yew 2—aon)

YouwUd (Yswz—0on)(2=1)+1o (2+Botr) Ysw 2—on)
I — d on 12
Z(Z) Yiw (2=1)2+ (24 Bott) (Veuw 2—Qon) (12)
U (z) _ 2L, (2=1) (24 Boit) +Ua Yew (=Botr 2=22+ 1)+ Ug on (24 Bort )
° Vow (2=1)"+ (24 Bots) (Yew 2— o)
1 Ysw Bott +2Yu raon +/Y2 B2 —4Y 2, Bort+6Yw aon Bort —4Y 2, +4Yu aon+al,
=7 Veu
(16)

1 =Youw Bott +2Vsu +aon =Y B2 =4V 2, Bott+6Ysw aon ot —4Y 2, +4Y, 0 agn+a2,

p2:4

Ysu
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equal to zero. That means, all the poles are zero, and the zero-
input responses of these two models converge to the steady-state
values with the fastest speed. In this paper, we called these two
models the best-damped G-ADC models.
The history current expressions of these best-damped G-ADC
models, termed as Types I and II, respectively, are as follows:
History current expressions of Type I

Ih,,on (t) = (_1 - \/Q) stU (t - At) -1 (t - At) (17)

Lo () = Yy U (t = At) + (1= V2) I (t - At).
History current expressions of Type II

Ih,,on (t) = (71 + \/5) }/swU (t - At) -1 (t - At) (18)

Do () = Y, U (t — At) + (1 +V2) I (t — Ab).

Due to the best-damped characteristic, the transient process
time of switching actions is shortened thus the virtual power
loss can be remarkably reduced.

Comparing with the L/C-ADC model, another merit of these
best-damped G-ADC models is that all the derivations are inde-
pendent of the operating conditions and external circuit param-
eters if the previous two assumptions are satisfied. Hence, the
best-damped G-ADC models are theoretically insensitive to the
external system.

IV. FEASIBLE PARAMETER SPACE OF G-ADC MODEL
FOR THREE-LEVEL CONVERTERS

In this section, the feasible parameter space and the best-
damped model of G-ADC model for three-level converters are
discussed.
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A. Assumptions

The characteristic analysis of G-ADC model for three-level
converters is based on the following assumptions:

1) The three-level converter can be equivalent to the surro-

gate circuit shown in Fig. 5(b).

2) The second assumption is same with that of the two-level

converter.

The surrogate circuit is able to supply three different output
voltages (&, 0, and —%). Therefore, it is used to replace the
three-level neutral point clamped (NPC) converter in real-time
simulation [28]. With these assumptions, the switch dynamics
of three-level NPC converters can be analyzed with the basic
circuit unit shown in Fig. 5(c), which is also independent from
the external circuit.

B. Steady-State Characteristic Constraints

The steady-state characteristic constraints are independent of
the converter topology. Therefore, o and S, of G-ADC model
for three-level converters adopt the same values with those for
two-level converters.

C. Transient-State Characteristic Constraints

The zero-input responses of all the modes in Table I are
derived in the similar way of Section III-C. The zero-input re-
sponses of all the mode changes share the same characteristic
equation

A= (Yjew ﬂoﬂ'z + 3Y:~3w22 - 4Y:<;U)Z

- Oéonﬂoi‘f — Qopz + 2Y—sw) (ﬁoff + Z) . (19)

According to the Jury Stability Criterion of the third—order
discrete system, we can make sure the surrogate circuit modeled
by G-ADC is stable, if and only if «a,, and B satisfy the
following constraints:

(%+1)(ﬁoﬁ—1)<8

sw

oy > 1

Ysu Bost (20)
Qo

1> Gog > —1.

The constraints (20) and (8) are utilized together to describe
the feasible parameter space of G-ADC model for three-level
NPC converters.

~Youw Bott +4Ysw +on+

Y2, B2 —8Y 2, Bott+10Y 0w aon Boti —8Y 2, +8Yew aon +a?

sw sw on

1
pL=g3

Ysu

Yo Bott +4Vew +@an —\/V 2, B2 —8Y2, Batt 10V aon fots —8Y 2, +8Y ey aon +02,

ey

_1
P2 =3

3 = —Bott

Yiuw
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TABLE I
COMBINATION STATES OF EQUIVALENT TOPOLOGY
OF THREE-LEVEL CONVERTERS

Mode 1 Mode2 Mode 3
Switch S OFF OFF ON
Switch S, ON OFF OFF
Switch S3 OFF ON OFF
U U
Output voltage U, ——< 0 —
2 2
1
Stablllty Boundary 05
0.8
w 17 0.7
=
S 0.8 4 0.6
b
@ 0.6 4 Best -Damped 0
= : Point X
_é 04 4 oin 0.4
= 02 4 , 0.3
§ 0.2
0l .
-10 0.1
0 2 - ’ﬂoﬂ 0
Fig. 6.  Max modulus of poles (M M oP) with different con/ Vs and Sogt.

D. Best-Damped G-ADC Models in Feasible Parameter Space

The three poles of the third-order discrete system can be
derived according to (19), as shown in (21) shown at the bottom
of previous page.

With these poles, the M M oP can be calculated and how the
coefficients ay, and [y impact on the stability and damping
can be shown intuitively by Fig. 6.

Different with two-level converters, the minimum M MoP
for three-level converters shown in Fig. 6 is always larger than
zero. It is because two coefficients of oy, and S.¢ cannot make
all three poles equal to zero simultaneously. However, the best-
damped parameter point can still be found numerically with
the minimum average modulus of (21) when the approximated
coefficients are oy, = —5.04Y;,, and Bog = —0.39.

2225

Typical NPC converter. (a) Original circuit. (b) Surrogate circuit. (c) Equivalent circuit.

V. SUMMARY OF THE ADC MODELS

A. Relationship of L/C-ADC and G-ADC

Since the ON-state emulating circuit and OFF-state emulating
circuit of G-ADC model can be any circuit as long as they satisty
the two requirements in Section II-B. Actually, the inductor
branch and capacitor/resistor branch of L/C-ADC model also
satisfy these requirements. Hence, the L/C-ADC model is a
special case of the G-ADC model. From the history current
expressions of L/C-ADC model discretized by BE method and
trapezoidal (TP) method, we can find its relationship with the
G-ADC model as shown in Table II, where L;,,, Cs,, and Ry,
are the values of small inductor, small capacitor, and series
resistor of the L/C-ADC model, respectively. ag and (G, of the
history current expression are all the same for both L/C-ADC
and G-ADC models. The main difference is the ranges of o,
and Syt

In the aon/Ysw — Bor plane of Fig. 7, the relationship be-
tween L/C-ADC model and G-ADC model is more intuitive.
The vertical lines represent the feasible parameter space of
L/C-ADC model discretized by TP method and BE method,
respectively. This figure indicates that the G-ADC model
has a higher dimension of feasible parameter space than the
L/C-ADC model. That means the G-ADC model is able to de-
scribe more transient characteristics. The two crossing points
shown in Fig. 7(a) are corresponding to the best-damped G-
ADC models for two-level converters, while the crossing point
shown in Fig. 7(b) is for the three-level converter. They are all
out of the feasible parameter space of L/C-ADC models, which
implies that the best-damped G-ADC models cannot be achieved
by the L/C-ADC model only through parameter settings.

B. Generality of the G-ADC Method

As mentioned in the Introduction, the parameter settings of
L/C-ADC model are related to the operating conditions and
circuit parameters of the external system. While in this paper,
G-ADC switch models in the basic circuit unit are decoupled
from the external circuit by regarding the filter inductance and
smoothing capacitor as a current source and a voltage source,
respectively. Therefore, the derived feasible parameter space,
as well as best-damped point(s), are independent of the external
system and can apply to the converters which share the same ba-
sic circuit units. In other words, two-level converters which can
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TABLE II
SUMMARY OF THE ADC MODELS

st ao/f ﬂoﬂ" Qon ﬂon
Feasible parameter Ay - C .
space I. s At Y Satisfy (14) -1
G-ADC C
for two-level Best-damped point I f Yo 1-2 (_1 - ‘/5) ¥, -l
converters “
C
Best-damped point IT ﬁ Y. 142 (—l 2 ) Y, -l
Feasible parameter Ay Cim .
G-ADC space L, At Yow Satisfy (20) -1
for three-level ) c
converters Best—damped point Con Y. -0.39 5047, 1
(approximated) I
Backward Eul thod 7T, = A Cw R.Y 0 1
ackward Euler metho =T TA+C,R. Yoo R, -
L/C-ADC .
Trapezoidal method ¥, =~ = — = Y, 1-2R.Y % I
rapezoidal metho =3I  Ar+2C,.R. sw 2L QUP O - Yo -
TABLE III
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Fig. 7. Feasible parameter space of G-ADC model. (a) Two-level converters.
(b) Three-level converters.

frequency applications

be decomposed and simplified into Fig. 3(c), share the common
set of best-damped parameters. Similarly, three-level converters
which can be decomposed and simplified into Fig. 5(c) share
another set. The other topologies which cannot be classified into
these two categories can be analyzed using the similar process
of Sections IIT and I'V. Besides, the best-damped G-ADC model
almost has no virtual power loss, which makes it still accurate
in high switch frequency applications. Therefore, the generality
of L/C-ADC model and G-ADC model can be summarized in
Table II1.

VI. FPGA IMPLEMENTATION OF REAL-TIME SIMULATION
A. NI-PXle-Based Real-Time Simulation Platform

We implement the G-ADC-based real-time simulation on a
universal platform of National Instruments shown in Figs. 8 and
9. This self-built simulation platform mainly consists of a real-
time CPU module, an FPGA module, a host-PC, and other ex-
ternal devices. The real-time CPUs simulate the control system
which receives the real-time measured signals from the FPGA
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module and sends the modulating signals to the FPGA module
through the PXIe bus. The FPGA module performs the EMTP
algorithm with the switch modeled by ADC model, which will
be elaborated in Section VI-B. Besides, the PWM generation
is also implemented on the FPGA. As for the host-PC, it pro-
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Fig. 10.  Flow chart of the ADC-based EMTP algorithm on FPGA.

vides the development environment and works as the human-
machine interface during simulating. This simulation platform
also provides an I/O interface with the external controller in the
applications of HIL simulation.

B. G-ADC-Based EMTP Algorithm Implemented on FPGA

Fig. 10 shows the flow chart of ADC-based EMTP algorithm
in one simulation loop. The procedure consists of five steps, to
judge the switch states, to calculate the history currents, nodal
injection currents, nodal voltages, branch voltages, and currents
in turns. Details about the ETMP algorithm can be found in [24]
and the FPGA implementation can be found in [26] and [27].
Especially, the history currents of switch branches are directly
calculated with branch voltages and branch currents of the last
step except at the first step after switching actions. As for the first
step after switching actions, the history current reinitialization
(HCRI) algorithm is adopted to reduce the initial errors.

C. HCRI Algorithm

The zero-input response in the time domain is related to not
only the z-transformation functions but also the initial states. In
order to further reduce the virtual power loss, the initial states
after switching actions should also be considered. Some re-
searchers have tried to solve the virtual power loss problems by
the reinitialization techniques [28]. The compensation source
technique [20] can also be seen as another form of the reini-
tialization techniques. However, these techniques are all for
L/C-ADC models, thus, the reduced initial errors still cannot be
well damped in the following simulation steps.

The main idea of the HCRI algorithm is to minimize the initial
errors after switching actions by making sure the history current
at the first step after switch turning ON equal to the history
current at the final step of last ON state. Similarly, the history
current at the first step after switch turning OFF should be equal
to the history current at the final step of the last OFF state. The
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Fig. 11.  Testing system with a three-phase VSC.

procedure of history current calculation with HCRI algorithm
is as follows:

HCRI Algorithm:

If 5;(t) = S (t — At)
If S;(t) = 1 Calculate Ij,_s,;(t) = I, on(t);
Else Calculate Ij, 4,;(t) = I,_orr(t);
End

Else
If Sz (t) = 1 Calculate Ih,swz‘(t) = Ih,ON(tlasLaction);
Else Calculate 1 _su;(t) = I1_oFF (fiastaction);
End
Update t= tlast,action;

End

where S;(t) denotes the ON/OFF state of the ith switch and
tiastaction denotes the time when last switching action happens.

VII. CASE STUDY

A. Testing System Configurations

The real-time simulation of a testing system with a three-
phase voltage source converter (VSC) shown in Fig. 11 is per-
formed on the NI-PXIe platform. The converter of two-level
topology (Case 1) is simulated and discussed in Section VII-B,
C, D, and F. The converter of three-level topology (Case 2) is
simulated and discussed in Section VII-E and F.

The dc voltage source is 750 V and the RMS of ac grid
voltage is 220 V. The inductance of LC filter is 1.5 mH and the
capacitance is 50 pF. The smoothing capacitors on the dc side
are 4000 pF. The equivalent inductance of the transformer and
line is 2.3 mH. The carrier frequency of PWM is 10 kHz. The
three-phase VSC is equipped with a P/Q controller. P, is set to
40 kW and Qs is set to zero.

B. Comparison of the Best-Damped G-ADC Model and
the Optimized L/C-ADC Model

Two ADC models are compared in the EMTP simulation
implemented on the FPGA: 1) an optimized L/C-ADC model
with the parameters set by the method adopted in RTDS small-
time-step model library [21] and 2) the best-damped G-ADC
model of Type I. The same testing system is also built in
PSCAD/EMTDC, serving as a benchmark model.

Fig. 12 shows the turning-OFF and turning-ON processes of
one switch in one switch period. Although the parameters of
L/C-ADC model are optimized, the voltage and current wave-
forms still have obvious transient errors after switching actions,
as shown in Fig. 12(a) and (b). These errors take too many steps
to be damped. As a result, the L/C-ADC has large power/energy
loss after switching actions, as shown in Fig. 12(c) and (d). On
the other hand, the best-damped G-ADC model has small initial
errors, and these errors are damped in two steps after switching
actions. Therefore, the G-ADC model has little power/energy
loss. As the two-value-resistor model in PSCAD has a small
leak current during ON-state and a small forward voltage drop
during OFF-state, the energy loss accumulates slightly during
the whole switch period, as shown in Fig. 12(d). Overall, the
waveforms of best-damped G-ADC model are more close to the
offline waveforms of PSCAD comparing with the L/C-ADC.

C. Virtual Power Loss Ratios Under Different
Carrier Frequencies

In Fig. 12(a), it takes more than 10 ps for the switch voltage
of L/C-ADC model to converge to the steady state, while it takes
about 2 us for the G-ADC model. When the carrier frequency is
higher, i.e., the switching period becomes shorter, the L/C-ADC
model may switch to a new state before its voltage reaches the
steady state, as shown in Fig. 13. However, in high frequency,
the best-damped G-ADC model still has an ideal waveform.

To measure the accuracy of switch model, the virtual power
loss ratio is defined, which is the total virtual power loss of all
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the six switches divided by the input power of the converter. In
one switch period, the energy loss is mainly dependent on the
transient errors of switch voltage/current. While in a larger time
scale, the virtual power loss ratio also depends on the switching
frequency and time step for the ADC model. Fig. 14 shows the
virtual power loss ratios under different carrier frequencies.
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For the L/C-ADC model, the virtual power loss ratio is ap-
proximately proportional to the carrier frequency in low fre-
quency, as the virtual power loss is mainly generated during
switching actions. The virtual power loss ratio will be unaccept-
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able when the switching frequency increases. The only method
to reduce the power loss ratio of L/C-ADC model is adopting a
smaller time step. However, a smaller time step means a stricter
real-time requirement.

As for the two-value-resistor model of PSCAD, it accumu-
lates the energy loss slightly at a constant speed during the
whole switch period, thus, has a small virtual power loss almost
independent of switch frequency and time step, as shown in
Fig. 14.

As the voltage and current waveforms of best-damped
G-ADC model is very close to those of the ideal switch model,
no matter what the switching frequency is, the virtual power
loss ratio of the best-damped model remains at a tiny degree.

D. Simulations Under Different Operating Conditions and
External Circuit Parameters

One problem with the L/C-ADC model is that the parameter
setting depends on the current operating conditions and exter-
nal circuit parameters. However, the derivation of best-damped
G-ADC models is independent of the operating conditions and
external circuit parameters. Therefore, the best-damped charac-
teristic applies to a wide range of simulation situations, theoret-
ically.

To validate the universality of best-damped G-ADC model
under different operating conditions, we reset the Pt of the
P/Q controller to change the active power output by the VSC.
Together with the power loss curves of 40 kW, as shown in
Fig. 12(c), Fig. 15 indicates that the best-damped G-ADC model
is still almost lossless under different operating conditions, com-
pared with the L/C-ADC model.

To validate the universality of best-damped G-ADC model
under different external circuit parameters, we empirically set
the external inductance L., and smoothing capacitor Cj,,, as
shown in Fig. 11 to be one tenth of the original values. And
the process is repeated to set L., and C,, to be ten times
of the original values. Fig. 16 indicates that the best-damped
G-ADC model switch model can keep the quasi-ideal switch
characteristics in a variety of the external circuit parameters.

E. Simulations of the Three-Level NPC Converter

In this section, a three-level NPC converter is simulated un-
der the phase-disposition PWM modulation. Fig. 17 shows the
waveforms of the output voltage U,, shown in Fig. 5(c), and
input current I, shown in Fig. 5(c). The output voltage and
input current of best-damped G-ADC model have much smaller
initial transient errors after switching actions and these errors
decay in much fewer steps comparing with optimized L/C-ADC
model. It implies that the G-ADC model also has obvious advan-
tages over the L/C-ADC model in three-level converter switch
modeling.

F. HIL Simulation of the Two-Level Converter and
Three-Level Converter

The real-time simulations in the case study are all-digital
simulation. Actually, this simulation platform is also capable of
the HIL simulation, as shown in Fig. 8. A preliminary test of the
HIL is given here. Both L/C-ADC model and G-ADC model
are simulated. Fig. 18 is the screen shot of the oscilloscope with
channel 1 displaying the switch voltage of two-level converters
and channel 2 displaying the switch current. Fig. 19 is the screen
shot of the oscilloscope with channel 1 displaying the output
voltage U,, shown in Fig. 5(c), of three-level converters and
channel 2 displaying the input current I, shown in Fig. 5(c).

Both Figs. 18 and 19 show that the best-damped G-ADC
model has an obvious advantage on model accuracy over the
L/C-ADC model, which is consistent with the conclusions of the
previous sections. To further compare the efficiency of switch
models, the average execution time per step (1 us) is shown
in Table IV and the FPGA resource consumption is shown in
Table V.

From Tables IV and V, we can see that the G-ADC model al-
most cost the same execution time and FPGA resource with the
L/C-ADC model. Both the L/C-ADC model and G-ADC model
satisfy the real-time requirement. The extra 0.012 ps G-ADC
model cost has few influences on the real-time performance, and
the extra resource G-ADC model consumes is very small con-
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TABLE IV
AVERAGE EXECUTION TIME PER STEP (1 ¢S) OF THE SWITCH MODELS

Average Execution Time per Step (1Ls)

L/C-ADC  G-ADC  Two-value-resistor

model model model
Off-line
simulation on 178us 181us 940us
PC
Real-time
simulation on  0.463us 0.475us /
FPGA

TABLE V

FPGA RESOURCE CONSUMPTION OF TWO ADC MODELS
FOR TWO-LEVEL CONVERTERS

Resource Consumption

Resource Total Available
Type Resource L/C-ADC G-ADC
model model
. 10.2% 10.5%
Flip-Flops 508400 (51874) (53350)
19.0% 20.0%
LUTs 254200 (48374) (50734)
Block RAM 795 11.4%(91)  11.4%(91)
DSP48
Slices 1540 10.2%(157) 13.7%(211)

sidering the total resource of FPGA. In conclusion, it is already
shown that the best-damped G-ADC model achieves better ac-
curacy and flexibility of parameter setting than the traditional
L/C-ADC model with almost the same computational cost and
efficiency.

VIII. CONCLUSION

This paper proposes a general G-ADC model. The offline
and real-time results of a three-phase VSC testing system show
that the best-damped G-ADC model has more ideal waveforms
and cause much less virtual power loss than the optimized
L/C-ADC model. Simulations under a variety of carrier fre-
quencies, time steps, operating conditions, and external circuit
parameters show that these best-damped G-ADC models are in-
sensitive to the operating conditions and external system param-
eters. HIL simulation results performed on an NI-PXIe-based
real-time platform validate the feasibility and effectiveness of
the proposed method. However, there are still many works to be
done, such as the parameter settings of more complex topolo-
gies, the emulation of actual switch power loss, and other non-
linearities in power system.

APPENDIX

The properties and conclusions of G-ADC model in
Section IIT only apply to the power electronic devices satis-
fying the first assumption in Section III-A. Luckily, the half
bridge and full-bridge, two common topologies which compose
most of the important two-level ac/dc converters, perfectly meet
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this requirement. Therefore, the G-ADC model can be applied
to the typical ac/dc VSCs. As for the dc/dc converter, such as
buck circuit and boost circuit, the combination of IGBT and
diode can be seen as a generalized half bridge. As them also
work in opposite states for most time, the G-ADC model can
also be applied to them.

With regards to the second assumption, this requirement is ac-
tually very easy to be satisfied in the small time step simulation.
Intuitively, the transient process of the switch model is much
faster than that of the filter inductor and smoothing capacitor,
thus, the filter inductor and smoothing capacitor of course can
be seen as an independent current source and voltage source,
respectively. To confirm our guess, we take the half bridge,
shown in Fig. 3, for example. The equivalent admittances of the
external impedance L., and smoothing capacitor Cy,, are

Y, _ At ~ At

Lew = T, +AtR., ~ L., (A1)
Y — Csm

Csm N

Thus, to satisfy the requirement of the second assumption,
Y, needs to be much larger than Y7, and much smaller than
YC sm

At Cs’m
2 vy, < 2 A2
L, ST SN (A2)

Considered that the time step At of FPGA-based real-time
simulation is usually less than 2 us, and the filter inductor and
smoothing capacitor are on the level of mH and pF, there is a
wide range of Yy, to be selected to satisfy (A2). Besides, the
VSC usually has smoothing capacitor(s) and filter inductor(s) on
each side. L., could be very small, as long as Y, that satisfies
(A2) exists. If there is no inductance in the analyzed topology,
the feasible parameter space and best-damped point derived in
this paper will be no longer appropriate.
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