2166

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 10, NO. 4, NOVEMBER 2014

Physics-Based Device-Level Power Electronic
Circuit Hardware Emulation on FPGA

Wentao Wang, Student Member, IEEE, Zhuoxuan Shen, Student Member, IEEE,
and Venkata Dinavahi, Senior Member, IEEE

Abstract—Accurate models of power electronic devices are nec-
essary for hardware-in-the-loop (HIL) simulators. This paper pro-
poses a digital hardware emulation of device-level models for the
insulated gate bipolar transistor (IGBT) and the power diode on
the field programmable gate array (FPGA). The hardware emu-
lation utilizes detailed physics-based nonlinear models for these
devices, and features a fully paralleled implementation using an
accurate floating-point data representation in VHSIC hardware
description language (VHDL) language. A dc—dc buck converter
circuit is emulated to validate the hardware IGBT and diode mod-
els, and the nonlinear circuit simulation process. The captured
oscilloscope results demonstrate high accuracy of the emulator in
comparison to the offline simulation of the original system using
Saber software.

Index Terms—Field-programmable gate arrays (FPGAs),
hardware-in-the-loop (HIL), insulated gate bipolar transistor
(IGBT), parallel algorithms, parallel processing, physics-based
modeling, power diode, power electronic circuit simulation.

I. INTRODUCTION

ARDWARE-IN-THE-LOOP (HIL) simulators are preva-

lent [1]-[6] in many industrial applications, and field
programmable gate arrays (FPGAs) are playing a signifi-
cant role in their success due to their fast processing times
and advanced toolset for rapid prototyping of new concepts
and designs. For power electronic system modeling inHIL,
simulators simpler models such as the ideal switching func-
tion model or the averaged model are heréetofore employed.
Admittedly, such models afe sufficient for system-level perfor-
mance evaluation and_analysis, elg:, to observe system-level
waveforms and harmonie analysis. Furthermore, the simula-
tion process is typically a fixed time-<step, piecewise linear,
and noniterative method. Device-level models for power elec-
tronic switches have not seen application in HIL simulators
mainly due to their'computational burden. Nevertheless, high-
fidelity device-level modeling does have its benefits, especially
due to the current trend in miniaturization of power electronics
in various applications whose performance can be influenced
by high-frequency switching devices. HIL simulators will be
increasingly required to model such systems to develop novel
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solutions. Detailed device-level modelsiwould provide insight
into high-frequency effects such as device stresses, parasitics,
electromagnetic interference (EMI) noise issues, and their sup-
pression. Potential areas of application could also include
statistical, parametric, and sensitivity anaylses for power elec-
tronic system design. Even if no closed-loop design evalua-
tion is required, achieving fast execution will be a significant
milestone to accelerate device-level modeling and simulation,
e.g., it takes several minutes to simulate even a few millisec-
onds of circuit behavior using device-level models in currently
available offline software-based simulators such as Saber and
PSpice. An accurate physics-based power electronic device
digital hardware emulation has not yet been reported in liter-
ature, although approximate device-level real-time simulation
has been reported: using linearized device-level characteristics
of the insulated gate bipolar transistor (IGBT) [7], and using
look-up tables [8] to model the nonlinear switching characteris-
tics of the IGBT. The main challenges of emulating device-level
models include: 1) solution of typically a large set of coupled
nonlinear equations; 2) ability to do this within a time-step of
a few nanoseconds to capture the high-frequency device behav-
ior; 3) to perform the emulation using a variable time-step for
computational efficiency; and 4) to model enough nonlinear
switches in terms of circuit size for practical application. We
attempt to do this on the FPGA architecture, due to its intrinsic
advantages of full hardware parallelism, and user reconfig-
urability. Due to the advances in very large scale integration
(VLSI) technology and in digital hardware design tools, FPGAs
are finding widespread application [9]-[17]. Newer generations
of FPGAs have much larger capacity in terms of logic blocks,
distributed memories, DSP slices, and other advanced features
such as partial reconfiguration that enable complex model and
algorithm emulation.

IGBTs and power diodes are the fundamental switching
elements in modern power electronic systems. They also con-
tribute significantly to the circuit nonlinearity. Much litera-
ture has been devoted to device-level model development for
both the IGBT and the power diode. Device-level models for
these two types of switches can be mainly classified into:
1) physics-based analytical models; 2) behavioral models; and
3) numerical models. As the name implies, the physics-based
models describe the carrier dynamics in the semiconductor
material in terms of nonlinear ordinary or partial differential
equations with respect to time. The numerical solution method-
ology normally includes implicit discretization followed by
Newton or Katzenelson iterations. For the IGBT, two of the
most detailed and popular models in this category are the
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Hefner [18], [19], and Kraus [20] models, and for the power
diode the lumped charge models proposed by Lauritzen and Ma
[21], [22] are quite famous. The behavioral models (macromod-
els) [24], [25] approximate the device behavior from measured
and fitted characteristics that are incorporated into the simula-
tion using lookup tables and discrete circuit components. Bond
graph methods to build averaged models for power convert-
ers that include device nonlinearities have been proposed in
[26]. The numerical models are highly exact two-dimensional
(2-D) or three-dimensional (3-D) models [27] based on non-
linear partial differential equations in space-time that describe
physical phenomena in the semiconductor material such as
carrier generation, recombination, drift, and diffusion. The
numerical solution methodology typically involves the finite
element or the finite difference methods. To reduce high com-
putational burden of such methods, hybrid models [28] have
also been proposed which combine the analytic and numerical
models.

This paper presents a digital hardware emulation of the
IGBT and the power diode physics-based device-level mod-
els on the FPGA. The device nonlinear equations are solved
using a fully iterative Newton—Raphson method with a variable
time-step. The IGBT hardware emulation utilizes the physics-
based Hefner’s model, and the power diode hardware emulation
utilizes the Lauritzen’s model. The proposed FPGA-based emu-
lation also includes other power electronic system elements
such as independent/dependent supply sources, linear/nonlinear
lumped R-L-C elements, and pulsewidth modulation;. which
makes it a complete power electronic circuit emulator. A vari-
able time-step implicit discretization of the device equations is
employed to gain computational advantage, and result compar-
ison is presented with respect to Saber. The entire hardware
design is fully paralleled and deeply pipelined using IEEE
32-bit floating-point number precision to achieve high speed
and accuracy requirements. The paper is organized as follows.
Section II describes the physics-based IGBT and power diode
model hardware emulation on the. FPGA. The overall hard-
ware framework for the power electronic circuit emulator and
the simulation algorithms are‘given in Séction III. Case stud-
ies and experimental results are presented in Section IV, and
conclusion in‘Section V.

II. PHYSICS-BASED DEVICE MODEL HARDWARE
EMULATION

A. Power Diode Module

1) Model Formulation: In contrast to the normal p—n diode,
the p—i—n structure has a wide intrinsic region between the
p-layer and n-layer, which enables it to work in fast switching
and high-voltage operations, standard for most power diodes
[29]. Other type of diodes such as the Schottky diode only
work in specific scenarios [30]. Therefore, for power converter
hardware emulation, a detailed model for p—i—n power diode
is desirable. The physics-based p—i—n diode model contains
the following five major phenomenological characteristics:
1) reverse recovery; 2) forward recovery; 3) emitter recom-
bination; 4) junction capacitance; and 5) contact resistance
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Fig. 1. Physical structure of power p—i~n diode.

(see Fig. 1). This model is based on the lumped charge concept
[21], [22], and utilizes transport equations in the semiconductor
to represent the diode physics.

The reverse recovery. phenomenon is represented by the
following equations:

qe(t) —qm(t)

i (1) S M
M
L dgni(t) | qm(t)  ge(t) —qm(t)
0= Ui + P o 2
ap () = Istle ¥ — 1] 3)

where i (¢) is the diffusion current from the center of the intrin-
sic region; vg(t) is the junction voltage; gz (t) is the junction
charge variable; gps(t) is the charge in the middle of intrinsic
region; T is the diffusion transit time; 7 is the carrier lifetime;
Is is the diode saturation current constant; and the constant V.
is the thermal voltage. The forward recovery phenomenon is
described by

s (t) . VTTMR]\/[OZ(t)

= 4
am (&) Raro + VT

where i(t) represents the whole diode current, vy (t) is volt-
age across half of the intrinsic region, and ;¢ is the initial
resistance in the intrinsic region. The emitter recombination
phenomenon is formulated as

2vp(t)
ZE(t) = ISE[e VT

—1] ®)

where i (t) is the end region recombination current, and Isg, is
the emitter saturation current constant. The contact resistance
R¢ is modeled by

v(t) = 20p(t) + 2vE(t) + Ro - i(t) (6)

where v(t) is the voltage across the diode. Finally, the charge
stored in the junction capacitance ¢ (t) which contributes to the
diode current 4(t) is described by

dqy(t) _

l(t) = iR(t) + ZE(t) + at

)
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The junction capacitance C;(t) and its charge ¢;(t) are
determined as

[1_2%';0(0]7”’ vE < %
ci=4 " v ®)
e = (m = D, vp 2
w@zjamwmmm ©)

where Cjq is the zero-biased junction capacitance, Vj is
the junction built-in potential, and m is the junction grading
coefficient.

2) Model Discretization and Linearization: As seen from
above, the power diode model described by (1)—(9) is nonlinear
and time-varying. Here, we discretize and linearize the model
to obtain a discrete-time equivalent circuit for time-domain
simulation. The charge ¢ (t) differential equation (2) is first
discretized using the Trapezoidal rule as

At Qhist (t — At)

)= ——— - qu(t) + 10
qM( ) ZTM(I + klet) qE( ) 14+ k12At ( )
where the history charge is given as
At At
Gnist (t) = qnr(t) ( 3 1) + 5Tor ge(t) (D
and
1 1
ki=—4+—. 12
1=_+ Tos (12)

Similarly, the differential term dq&’it(t) [reptesented by (%),
the current contributed by junction capacitor]. in (7) is
discretized as

2

()= o)~

t-QJ(t—At)—iJ(t—At)

(13)
where the junction capacitor charge ¢ (t) can be deduced from

o y-m)
o Qi 20T () < 4

q1(t) = (14)

22 m v (t)
Vi

—2mF(m — 1)Co0p(t), ve(t) > L.

Meanwhile, theé nonlinearity of the power diode model is
obvious from (3), (4), (5), and (8). The nonlinearity coming
from the reverse recovery characteristics (3) is linearized as
a dynamic conductance gr and a parallel current source iReq
given as

o= Gy = halste g Fas)
iReq = kolgT {e H‘L;;t) — 1} — k3quist (t — At) — gr - 20g(t)
(16)
where
ko = = At and k3 = !

Ta o 272, (1+ Atk Tor(1 + Ay
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Fig. 2. Discrete-time linearized equivalent circuit for the power diode.

Similarly, the emitter recombination (5) and the junction capac-
itance (8) nonlinearities are linearized to obtain the corre-
sponding conductance and current source pairs (gg, igeq) and
(9.7, 1Jeq), respectively

Oig Isg %VL(”
= = — T 18
9E 9on) - Vr e (18)
2vp (1)
iBeq= ISE {e Vr — 1] —gg - 2vp(t) (19)
diy 2
= = — t 2
0= 507 = 2070 (20)
and
iJCq:iJ(t)—gJ'Q’UE(t). (21)

The forward recovery effect (4) is represented as a time-varying
resistor

_ 20 (1) _ 2Vr T Raro 22)

re(t) = i(t) qm (t)Raro + VT

Finally, the complete discretized- and linearized-power diode
(Fig. 2) can be written in the form

Diode Diode __ :Diode
G ‘v =1

eq

(23)

where GP°de js a 3 x 3 conductance matrix given as
gr +9E + 91 —9r —9E — 97 0

1 1
“9r — 98 —9J Rt 9E T 91 T Tom TR T e+ Ro

1 1
0 T rr(D)+ERo

rr(t)+Rc
and vP°d® = [y, v, wvk]7 is the node voltage vector and
:Diode __ . . . . . . T .
Gog ¢ = [—%Req — Eeq — lJeq IReq + iEeq + tJeq 0] 1is the

equivalent current source vector.

3) Hardware Emulation on FPGA: The power diode hard-
ware module includes six units, which execute in three stages
(Fig. 3). The junction limit unit runs in Stage 1, which is used
to limit the p—n junction voltage value during the Newton iter-
ations. Specifically, the input signal vg_old (history vg value
from the previous Newton iteration) is updated by the output
signal vg_new within the current iteration for this unit. This
limit models a bounded p—n junction voltage for the diode expo-
nential characteristic. Otherwise, the values related to the diode
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Fig. 4. Finite state machine for the power diode module.

module will be so high that the system equations may become
singular and could not be solved, and.sometimes they could
even hardly be represented as 32-bit floating. point numbers.
Stage 2 comprises of four units executed in parallel: the emit-
ter recombination unit, the reverse recovery unit, the forward
recovery unit, and the junction capacitance unit. Corresponding
dynamic conductancesand equivalent current sources calcu-
lated by these four units are<used to form the conductance
matrix and the equivalent current sourcé vector in Stage 3. The
sequence of operations for this module is also reflected in the
finite state machine (Fig. 4), where all the four aforementioned
units execute simultaneouslyin, State S3, before the formation
of GPiode and 4219 within the next state Sj.

Furthermore, the hardware structure of each of the six units
is highly paralleled. For example, within the reverse recovery
unit (Fig. 5), the calculations of the current ¢z and conduc-
tance ggr are fully paralleled. To save hardware resources,
as can be seen part of the resources are shared and con-
tribute to both calculations. The result is a highly efficient
and fast hardware architecture. Terms such as %Eﬂ and
VLT are precalculated and used as constants in the hardware
design, which reduce a great deal of computational complex-
ity and latency. All the basic computation components such as
adder, multiplier, and nonlinear operators such as e* and 1/z
were generated using the IP Catalog in Xilinx Vivado Design
Suite [23].
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B. IGBT Module

The IGBT has become the preferred switching device in a
great many power electronics applications, because it has both
the advantages. of fast switching speed and low conduction
losses. In order to analyze and estimate a range of device and
circuit behaviors (e.g., transients and power loss), an accurate
IGBT model s essential. As one of the most detailed-analytical
IGBT models, Hefner’s physics-based model [18], [19] has
been adopted [31] by popular device-level circuit simulators
such as Saber and PSpice.

1) Model< Formulation: According to [18], the IGBT
contains the following two main phenomenological charac-
teristics: 1) internal metal oxide semiconductor field effect
transistor (MOSFET) phenomena; and 2) internal bipolar
junction transistor (BJT) phenomena. The base current of the
BIJT is fed by the MOSFET, thereby combining the advantages
of low ON-state resistance plus high-current capacity of the
power BJT and excellent gate drive control of power MOSFET.
However, both the internal conceptual BJT and MOSFET
function differently from their microelectronic counterparts,
because their structures differ greatly based on their design
goals. Specifically, Hefner interpreted the intrinsic nonlinear
physical phenomena into circuit elements (nonlinear capacitors
and dependent current sources, see Fig. 6), which enables
device-level circuit simulators to implement the dynamic
phenomenological model of IGBT.

The MOSFET channel current is modeled as a current source
imos, Which is determined by

v Vgs < Vin

KpKy [(Ugs—%h)’uds_m .y
imos = 1+92(”gs_vth) ’ |Uds| < gSK—fth

%7 vgg > 0
%7 vgs < 0

(24)

where v, is the gate-source voltage, vgs the drain-source volt-
age, K, is transconductance parameter, K is triode region
transconductance factor, Vi;, is the channel threshold volt-
age, and 6 the transverse field transconductance factor [31].
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Its gate-source capacitance Cys equals the combination of the
source metallization capacitance C,,, and gate-source over-
lap oxide capacitance Coxs. The gate-drain capacitance Cgq
is the sum of gate-drain overlap oxide capacitance Cyxq and
gate-drain junction depletion capacitance Cgqj. Cgsj is the
drain-source junction depletion capacitance [18].
The BJT is modeled by the steady-state base current source
ihss and collector current i.ss. The former is decided by
4 2N2
o % + 45%7128 Isnea

. Vep > 0
lhss =
07 Veb § 0

(25)

where 7y, stands for the base high-level lifetime, v}, the
emitter-base voltage, ()5 the background mobile carrier base
charge, Np base doping concentrations.n; intrinsic carrier con-
centration, and I, the emitter electron saturation cufrent.
@ is the instantaneous excess carrier. base charge; which is
decided by

(26)

W
Q =PpoqAL tanh (QL)

where ¢ is the electron charge, A is thedactive device area, L is
the ambipolar diffusion length, py isthe carrier concentration at
emitter endof base, which is decided by a nonlinear equation

Po, L1 1-8 NB _ %5
<F?+FB> (NB +p0) NB—e kT (27)
where (3 is the order of nonlinearity, & is the Boltzmann con-
stant, 7" is the room temperature, and W is the quasi-neutral

basewidth given as

2¢5i (Vpe + 0.6)

W=Wg—
P qNB

(28)
where W is the metallurgical base width, €g is the silicon
dielectric constant, vy, is the base-collector voltage, equal to
Vds [18].

The BJT collector current is decided by

4bD
_ip 4 40Dy
its T W2(1+b)Q’

07 Veb S 0

>0
Veb (29)

less =
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Fig. 7. Discrete-time linearized equivalent circuit for the IGBT.

where ¢p represents the anode current, b ambipolar mobil-
ity ratio,.D,, hole diffusivity [18]. Its emitter-base capaci-
tance Clp, 18 coming from the joint effect of the emitter-base
junction depletion capacitance Cqp,; and the emitter-base dif-
fusion capacitance Clep,q. Cer is the collector—emitter redis-
tribution capacitance. 7, is the conductivity-modulated base
resistance; through which and the anode current i conforms to
iT = Uao/Tp, Where v, stands for anode-emitter voltage. The
avalanche multiplication current source ¢,,,¢, given by

imult = (M - ]-) (imos + icss) + M - Z‘gen (30)

where M is the avalanche multiplication factor defined as

1
M= ——m—rr 31
1- (B‘;i'chbo)an

where BV, is the avalanche multiplication exponent, BV pg is

the collector-base breakdown voltage (emitter open), and 7gey
is the collector-base thermally generated current given by

. qniA [ 2€50nc
- Zsithe 32
lgen THL aNg (32)

and capacitor Cy, ¢ supplement the base to collector current for
the BJT [18].

Notably, all the aforementioned capacitances (except for con-
stant Cys) are charge-dependent, whose values are directly
connected to the depletion region width of the p—n junctions
inside the IGBT and they all conform to the formulations like

Ay - €

Cp =
W

(33)
where A, is the active area related to the capacitance and W,
is the depletion width related to the capacitance [18].

2) Model Discretization and Linearization: The discrete-
time linearized IGBT model (Fig. 7) can be obtained using
procedures similar to the power diode module in Section II-A,
which contains 11 conductances (e.g., gpsseb), 11 equivalent
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current sources (€.g., ihsseq), and 10 voltage-controlled cur-
rent sources (€.2., gnhssbe * Ubc). All the capacitances (except
for C.e;) are modeled as pairs of conductance and-equivalent
source (€.g., gogs and icgseq). For example, the drain-source
capacitance Cys; has its conductance gcqsj formulated as

0, W =Wg
gcdsj = 2e.;(A—Agq) (34)
At-(WB—VI(/i')’ W 7é WB

where Agq is the gate-drain.overlap area and the equivalent
current Source icdsjeq is formulated as

iCdsjeq = 1Cds] — 9CdsiUds (35)

where

. 2 .
iCdsj = E[QCdsj — qeasj(t —At)] —icasj(t — At)  (36)

and

qcdsj = gNB(A — Agq)(Wp —W). 37)

In contrast, the current sources (e.g., imos) are modeled as
not only pairs of conductance and equivalent source (except
for i.s), but also as voltage-controlled current sources (e.g.,
GJmosgs * Vgs). The MOSFET channel current 4y, €.g., has its

conductance g osgs ( 853““) formulated as
gs
Kp Kf'Uds —imost 'Ugsf‘/th
T150(vgs—Vin) [vas| < Ky
Kp(vgs_‘/th)_imose
_ 1+0(vgs—Vin) ? vas > 0 38
gIHOSgS - 7K (’U 7V )71 0 ( )
p\Ugs th mos , Uds < O

1+9(Ugs_vth)

Gmin ) Vgs < ‘/:ch

where G iy, 18 the MOSFET minimum conductance. The drain-

source conductance ¢ osds (‘955;05) is formulated as
S
KpKf(vgs_‘/th_KflvdsD Ugs*‘/th
1+60(vgs—Vin) ’ |Uds‘ < Ky
0 Vgs > 0
Ymosds = ’ ds 39)
0, Vs < 0
Gmina VUgs < ‘/th
and its equivalent current 7,05 can be obtained as
imoscq = Z‘mos — UmosdsVUds — YmosgsVgs- (40)

All aforementioned conductances (including those formulated
in the voltage-controlled current sources) and equivalent cur-
rent sources are finally combined to form a 5 x 5 conductance
matrix G'“BT and current source vector iéSBT, which satisfy
the equation

GIGBT . yIGBT _ 4IGBT @l
where vIBT =[v. v, v, vy 07 is the IGBT node
voltage vector, and G'“PT and [P are given as (47) and

(48), respectively, in the Appendix.

3) Hardware Emulation on FPGA: The basic strategy of
the IGBT model hardware design is to turn all the components
of the analog equivalent circuit [Fig. 6(b)] into 14 hardware
units (see Fig. 8), to fully exploit the possibility of hardware
parallelism. Also, it is highly efficient to code and debug all
the hardware units individually. The customizable nature of
the IGBT hardware module makes it extremely flexible to fit
into different power converter topologies with varying mod-
ule complexities. All the current units including %05, (?7, ?bss,
and 7.ss), and i1 are responsible for the calculations of the
corresponding currents, dynamic conductances, and equivalent
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Fig. 9. Finite state machine of the IGBT hardware module.

current sources. All the capacitance units including the Cigs,
Cod, Casj, (Ceers Ceb), and Chyyie are responsible for the cal-
culations of not only the currents, dynamic conductances and
equivalent currents, but also the charges. The junction limit
units and the conductance matrix and current vector unit have
similar functions to those used in the power diode hardware
module. Other units such as the charge limit unit is used to limit
the charge variation range between successive Newton itera-
tions, while the avalanche factor unit calculates M, and the 7gen
unit calculates ige, and its base-collector conductance, which
are essential for the calculations in the 4,,,;; unit and C\,,¢ unit.
The input signals to the IGBT hardware module include the
circuit node voltages such as v, (cathode/source/collector), v,
(gate), v, (anode), vy (drain/base), and v, (emitter). The three
input signals vcq_old, veq_old, vgs_old and their three.output
counterparts veq_New, Veq _NEW, Vgg New are used to trans-
fer the necessary history values between successive Newton
iterations.

As shown in Fig. 8, the IGBT hardware module executes
in four stages. In Stage 1, the two junction limit units and the
charge limit unit run in parallel. In Stage 2, eight other units run
in parallel, which include the igen, M, tmes, (75 Thsss bess)> Css
Cag, Cysi unit, and the (Cegr, Cep). In Stage 3, the 4y,,1¢ unit
and Cpy)¢ unit run in parallel. In Stage 4, all the dynamic con-
ductances and equivalént currents calculated by the above units
are combined to the output ¢onductancé matrix G'“BT and
equivalent currenf source veetor i, 5%, Moreover, the internal
structure of all the aforementioned units or subunits are paral-
leled. The operation/sequence of the IGBT hardware module
can be seen in Fig. 9, where six different states (S35—Sg) con-
tribute to Stage 2. The reason is that VW subunit and () subunit
of the (i7, ibgs, Tess) Unit interconnect to the Cqg; unit and the
(Cer, Cep) unit, respectively. So for synchronization within the
(47, Thss, Less) UNit, the two subunits responsible for W, pg com-
putations are also executed in parallel, these units need to be
triggered at the right time.

The internal hardware structure of one of the units, the
MOSFET current y,05 unit, is shown in Fig. 10, to illustrates
the parallelism. There are three comparators and five multi-
plexers, which are responsible for selecting four groups of
results among three nested conditions, see (38) and (39). Since
one group of results (When vgs < Viy,) is obtained directly, the
remaining three groups of temporary results for 7,05, gmosgss
Jmosds are all calculated before being selected by the three
layers of multiplexers under different conditions as the final
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results. Only after the results for for%mos, gmosgs> aNd gmosds are
obtained, the value of 4,,,seq can be computed. In Fig. 10, it is
highlighted that the hardware structures to calculate the results
under-three conditions are fully in parallel. All basic function
and nonlinear operator IP cores were generated using the IP
Catalog in Xilinx Vivado Design Suite [23].

III. POWER ELECTRONIC CIRCUIT HARDWARE
EMULATION

With detailed hardware modules for the power diode, the
IGBT and the linear circuit components, the emulation of a
complete power converter can be realized. As shown in Fig. 11,
it is composed of three intervals within a simulation time-step
At. Interval 1 is responsible for selecting the proper time-step
At utilizing the variable time-step control module (VTCM)
as well as the input voltage of the converter circuit. Interval
2 is responsible for performing the Newton iterations, which
includes the calculations of the conductance matrix and equiva-
lent current source vector for the whole converter circuit and
obtaining the solution for circuit node voltages using a par-
allel linear solver. Although the linear component module is
triggered simultaneously with the power diode and IGBT mod-
ules, their input node voltages are deliberately kept constant
unlike those of the nonlinear ones. The reason to put them
inside the Newton iteration loop is to increase the parallelism
of the whole structure so as to reduce latency. Most of the
At history terms and Newton history terms are related to the
modules in this interval, which are updated during the calcu-
lations between successive time-steps and Newton iterations,
respectively.

A. Variable Time-Step Control and Output Modules (VICMs
and VTOM)

Accuracy and speed are both essential for the power con-
verter hardware emulation. The time-step At could be large
when the circuit is operating under steady state, thereby gain-
ing speed; whereas At should be small during transients for
higher accuracy. The VTCM in Interval 1 adjusts the time-step
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Fig. 12. Hardware structures of (a) VICM and (b) VTOM modules.

At based on the number of Newton iterations cnt_Nwt during
the calculations of the last time-step. When cnt_Nwt <3, the
time-step increased by 2, and when cnt_Nwt > 3, the time-
step is decreased by 2. The main function of the VTOM is to
ensure that the required output signals are calculated from the
converged node voltages, and they are output at a fixed sam-
ple rate to guarantee that the waveforms are not out of shape. It
receives uneven calculation data from the Newton iterations and
sends the outputs at equidistant intervals of time. Fig. 12 shows
the hardware architectures of the VITCM and VTOM modules.

The input switching signal of the IGBT v, was precalcu-
lated and put into a ROM. At the beginning of a emulation
step, it is compared with its history value from the last time-
step v, (t — At) to decide whether to set the current time-step
to minimum. Then, a group of nested comparators and three
layers of multiplexers adjust the current time-step for efficiency.
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Fig. 13. DC-DC buck converter test circuit.

TABLE I
HARDWARE RESOURCES UTILIZED BY CIRCUIT COMPONENTS

Resource Diode IGBT Overall circuit
FF (flip flop) 7763 (1.3%) | 61384 (10%) | 72181 (12%)
LUT (lookup table) | 10741 (3.5%) | 88061 (29%) | 107264 (35%)
Memory LUT 86 (0.066%) 603 (0.46%) 729 (0.56%)
1/0 32 (4.6%) 32 (4.6%) 91 (13%)
BRAM (block RAM)| 1 (0.049%) 34 (1.7%) 38 (1.8%)
DSP48 158 (5.6%) 1419 (51%) 1657 (59%)
BUFG (global buffer) 0 (0.0%) 0 (0.0%) 1 (3.1%)

In the VTOM module, the output pace of the results is based on
the current time-step At by multiplying a coefficient % tl to
get an integer value, which in turn controls the inputs of a group
of first in first out (FIFO) registers. The larger the current time-
step, the more duplicated output results being stored in those
FIFOs. The output pace control unit is designed to adjust the
refresh rate of the FIFOs, which can be specified by the user.
Consequently, the results are sent out evenly with respect to
time.
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TABLE 11
COMPARISON OF DEVICE SWITCHING TIMES AND POWER DISSIPATION
AT 2.5 KHZ SWITCHING FREQUENCY

| Saber | FPGA [ Error (%)
Switching times
td(ON)(IGBT) 28.8 ns 29.5 ns 2.43
tON(IGBT) 60.0 ns 58.7 ns 2.17
t'r(IGBT) 18.6 ns 17.8 ns 4.30
td(OFF)(IGBT) 327 ns 334 ns 2.14
L orr (IGBT) 380 ns 368 ns 3.16
tlail (IGBT) 860 ns 879 ns 221
tr a(GBT) 285 ns 293 ns 2.81
tir (Diode) 4009 ns 4020 ns 0.27
t fr (Diode) n/a 42.1 ns n/a
Dissipated Power
Pox 1GBT) 96.05 mW | 93.87 mW 227
P()FF (IGBT) 539.6 mW | 522.5 mW 3.17
Pond 1GBT) 11.46 W 11.05W 3.58
Pt (Diode) 5434 W 5.507 W 1.34
Pond (Diode) 4768 W 4782 W 0.29

B. Newton Iterations

Given an n-dimensional nonlinear power converter circuit
represented as

i=F(v) (42)

where v = (v1,v2,...,v,)T and 4 = (iy,ia,...,i,) are

node voltages and current injection vectors, respectively, and
F(-) is the general nonlinear operator. Using classical Newton—
Raphson, the node voltage vector at (k + 1)th itefation. are
calculated as

G(Vk) V41 = ieq(vk) (43)

where 4.4(Vvy) is the vector of equivalent current sources, and
G(vy) is the general linearized conductance matrix given as

67:1 8i1 87:1
671;1|Vk Ovs |Vk T 9o, VR
G(vg) = (44)
i [oX} Ji
FZT|Vk a_fglwc a:ﬁ Vi

The generalized [G(vg), teq(vr)] pair for the whole converter
circuit can-be directly obtained by superimpositions from the
those of its separate linear and.nonlinear components, such as
(GPiode, ig)qi"de) and (GIGBT i}gBT), which will be illustrated
in the case study. The iteration convergence criteria is given as

Vi(k+1) = Vi(k)

<e(=10"3
v ( )

(i=1,2,....n). 45

C. Parallel Gauss—Jordan Linear Solver

As seen in Fig. 11, in Interval 2, inside the kth Newton itera-
tion, a set of linear equations need to be solved to obtain the
node voltages (43). The parallel Gauss—Jordan linear solver
module consists of two main stages: 1) forward elimination;
and 2) backward substitution, and its hardware implementation
is shown in [32]. To improve its latency, the upgraded structure
is featured by deep parallelism in both elimination and back-
ward substitution at the cost of using extra hardware resources,
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and the pivoting is sped-up to as fast as two clock cycles each
step. The advantages of this approach is reduced latency and
high efficiency for handling larger matrices.

IV. CASE STUDY AND VALIDATION
A. Test Circuit

The test circuit used for the power converter hardware emula-
tion is a dc—dc buck converter (Fig. 13). There are two nonlinear
components (IGBT and Diode), four linear components, and a
voltage source in the circuit. The parameters of the circuit are
given in the Appendix. The duty ratio of the square wave PWM
vy, to trigger the IGBT is 0.5. The IGBT node voltages v., vg,
Va, V4, and v, are also the circuit node voltages vy, va, v7, V3,
and vy, respectively. The diode node voltages v 4, v;,, and v
correspond to the circuit node voltages vg, vs, and vy, respec-
tively. The linear components, R, L, and' C', can be collectively
discretized as a conductance g™ and‘a parallel equivalent cur-
rent source irgé“. Similary, v, with a serial resistor R, can be
equally changed to a current source ;—’; and a parallel resistor
R, in order to reduce the dimension of the whole system [33].
The dimension of the discrete-time linearized system is origi-
nally 7, but since the circuit node voltages vg = 0 (ground) and
V7 = Vye, it was reduced to 5. Thus the discrete-time linearized
equation for the converter circuit can be expressed as (49) in the
Appendix.

This de—dc converter was emulated on the Xilinx Virtex-7
XC7VX485 T FPGA board, which was connected to a 16-bit
four channel digital to analog converters (DACs). This board
has 607 200 FFs, 303 600 LUTs, 130 800 Memory LUTs, 700
1/0s, 2060 BRAMs, 2800 DSP48 s, and 32 BUFGs. The emu-
lation results were captured by a four-channel oscilloscope.
The offline simulation for the dc—dc converter was executed
on a PC with Intel Core™ i7-2600 K 3.4 GHz CPU, 8 GB
RAM, running Windows 7 operating system. The execution
time for the offline simulation of the converter for 100 ms
of run time in Saber using variable time-step strategy (with
an initial time-step of 10 ns and maximum time-step of 1 us)
was 17.5 s, while the hardware emulation time was 0.58 s.
Therefore, the speedup is more than 30 times. It is conceiv-
able that offline simulation of converter circuits with more
IGBTs and diodes employing detailed device-level models
would be much slower than hardware emulation. The latency
of one time-step calculation is 579 clock cycles, the highest
frequency is 115 MHz, and the resource utilization is listed
in Table I.

B. Results and Comparison

1) Time-Domain Results: The steady-state results for the
converter output voltage v,, the IGBT collector—emitter volt-
age v..(= v7 — v1), the IGBT collector current i., the diode
voltage v4(= vg — v1), and the diode current iy of the de—dc
converter hardware emulation under the switching frequency
of 2.5 kHz are shown in Fig. 14(a)—(e). Compared with Saber,
the steady-state results from hardware emulation are accu-
rate. Since Saber did not converge when R is set to 50 €2,
the waveforms shown in Fig. 14(a)-(h) were obtained by
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setting Rpso to 0 (no forward recovery). The dash-circled
areas in Fig! 14(b) and (d) are the nonconvergence points of
Saber.

The device-level transient results for (vee,i.) and (vg,iq)
during turn-ON and turn-OFF switching of the dc—dc converter
hardware emulation under the switching frequency of 2.5 kHz
are shown in Fig. 14(f)—(i). Compared with Saber, the device-
level transient results of the hardware emulation show good
agreement. Specifically, the transient waveform of diode volt-
age from oscilloscope in Fig. 14(i) was obtained by setting
Raro to 50 €, which shows the forward recovery clearly. The
comparison of IGBT and diode switching times from Saber and
hardware emulation is shown in Table II. The hardware emula-
tion was also tested under high-switching frequency conditions,
up to a maximum of 100 kHz. The results for a 40 kHz switch-
ing frequency are shown in Fig. 15. Again, a close agreement
with Saber can be observed.

2) Power Dissipation Analysis: The power dissipation dur-
ing a switching cycle of IGBT mainly comes form the switching

loss and conduction loss. The instantaneous power dissipation
is calculated by multiplying the IGBT collector-emitter voltage
(vee) and collector current (i.). By choosing corresponding
time range from ?y to ¢;, the energy losses in one switch-
ing cycle are obtained by integrating the instantaneous power
dissipation during turn-ON, turn-OFF, and conduction period,
respectively. The power loss P i quotient of the energy loss
and switching period T, expressed as

t1

Ji

Vee(t) - 1c(t) dt

Ploss =
T

(46)
The power dissipation of reverse recovery and conduction
period for the diode are obtained similarly. Table II shows
the power dissipation results under the switching frequency of
2.5 kHz from both Saber and hardware emulation. The rel-
ative errors between the hardware emulation and Saber have
a few reasons. The first can be attributed to the modeling
error. Specifically, the power diode model used by Saber is
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Fig. 16. Variation of device power dissipation with switching frequency from
Saber and hardware emulation.

more sophisticated than the one in this work. For the IGBT
model, although both Saber and the hardware emulation use
Hefner’s model, Saber’s model is more refined judging from
its larger parameter set. Another reason for the error could
be the limitation of the 32-bit floating-point number preci-
sion in the numerical solvers used in the hardware emulation
of the highly complicated physics-based device-level models,
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which may have resulted in a loss of accuracy. Nevertheless, the
variation of device power dissipation with switching frequency
(Fig. 16) shows close agreement between the emulation and
Saber both at low as well as high-switching frequencies prov-
ing the high-fidelity of the detailed hardware emulation. As the
switching frequency increased, as expected, the IGBT switch-
ing losses (P, (1GBT)> Poﬂ'(IGBT)) and diode reverse recovery
loss (Prr(Diode)) increased significantly; however, the IGBT
conduction loss (Pcond(IGBT)) increased much slowly, and the
diode conduction loss (Pcond(Diode)) remained almost constant.

V. CONCLUSION

This work proposed a digital hardware emulation of detailed
physics-based device-level IGBT and diode models. Both these
device-level models are fully paralleled on the FPGA. The hard-
ware emulation of both devices is based on a unified numerical
framework based on Newton linearization, and can be extended
in a straightforward fashion to model complete power electron-
ics circuits: Thevariable time-step strategy makes the hardware
emulations with power converter based on physics-based ana-
lytical-model become possible, which not only ensures the
speed of the emulation but also the detailed switching behav-
iors. Therefore; the emulated models were able to predict
the dissipated energy in the power electronic circuit quite
accurately. Comparison with Saber proves that the emulated

JcCgs + gcds;j + gCcerbet —9Cgs = Ymosgs » —Ycssae  —Y9Cdsj — Ymosds — JCcerbe Jessae — JessebT
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models are both accurate and efficient in terms of speed of
execution. While the hardware emulation is still slower than
real-time execution to be applied for closed-loop HIL simu-
lation, with newer FPGA generations, and further efficiency
refinements in the numerical solution that goal appears feasi-
ble. Presently, the proposed hardware models can be readily
used for open-loop HIL applications and for circuit design
acceleration that involve statistical, parametric, and sensitivity
analyses.

APPENDIX

Test  circuit  parameters: Vg. =100V, R =5,
L =700 uH,C =70 uF, R, = 100 €.

IGBT parameters: Out of 32 parameters, the ones used
in this paper are: K, =1A/V, K; =2, §=0.01 v,
Vin=5V, Ng=2x10"cem™3, I,.=10""A, n, =
1.45x 10 em™3, 7y, =4x10""s, A=0.1cm?, ¢=1.6 x
1079 C, L=27x103cm, T=296K, k=8617x
107° eV/K, B =0.4615, es = 1.05x 1072 F/cm, Wg =
0.01 cm, b=3.33, D, =11.48 cm?/s, BV,, =4, BV =
3.18 x 107 V, Gypin = 107128, Azq = 0.05 cm?. The rest can
be obtained from Saber.

Diode parameters: Ig = 10714 A, 7=5 us, Thy =5 s,
Vr =0.0259V, m=0.5, Cjo=1nF, V; =07V, Isg =
10—22 A, Ryo =50 Q, Re = 1073 Q.
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