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Abstract—This paper outlines and demonstrates a novel optically
activated gate control (OAGC) mechanism that can dynamically
affect power-converter switching loss, dv/dt and di/dt stresses,
and electromagnetic emission at the device level by controlling the
switching dynamics of the power semiconductor device (PSD) via
modulation of its excitation current using a GaAs-based optically
triggered power transistor (OTPT). Further, due to conductivity
modulation of the OTPT using direct photogeneration, the switch-
ing initiation delay using the OTPT-based OAGC approach is al-
most negligible, as compared to prevalent fiber-optics-based tech-
niques for power electronics. Starting with a description of the basic
mechanism of the OAGC and how it differs from other active-gate-
control-based approaches, this paper outlines the implementation
of the OAGC (including the design of the GaAs-based OTPT) and
the mechanism for controlling the PSD turn-ON an turn-OFF dy-
namics by varying the optical intensity of the OTPT. Subsequently,
the fundamental parameter, linking the control of the OTPT and
its impact on the performance parameters of the power converter,
is identified and the correlation is experimentally demonstrated.
Finally, to address the mutually opposing dependence of switching
loss, and dv/dt and di/dt stresses on the optical intensity of the
OTPT, a joint optimization mechanism is outlined and its outcome
is experimentally demonstrated.

Index Terms—Active gate control (AGC), converter-perfor-
mance parameters, delay, efficiency, electromagnetic (EM) noise,
laser, optically activated gate control (OAGC), optically triggered
power trasistor (OTPT), power electronics, power semiconductor
device (PSD), stress, switching dynamics, switching loss.

1. INTRODUCTION

EXT-GENERATION power electronics are expected to
N encounter critical design challenges associated with elec-
tromagnetic (EM) emission and interference, switching loss, and
dv/dt and di/dt stresses of power semiconductor devices (PSDs)
[1]-[6]." There are several such emerging power electronics ap-
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A brief overview on some of the issues outlined in this paper has been
provided in Refs. [2], [9], and [33].

plications, which encounter one or more of the aforementioned
problems, including EM aircraft launch system (EMALS) [7],
fly-by-light (FBL) systems [8], [9], pulse-power and pulsed-load
systems [10], [11], integrated starter and generator, and elec-
tromechanical actuator (EMA) motor drives [12], [13], flexible
ac transmission systems (FACTSs) [1], and solid-state power
substation (SSPS) [14]. The origin of these problems can be
traced back to the switching dynamics of the PSDs. For in-
stance, the EM-noise level of a power electronics system (PES)
depends on the coupling between its parasitic inductances and
capacitances, and the dv/dt and di/dt of the PSDs. The latter
are governed by the rise and fall times of the PSD, which also
affect the PSD stresses and its switching loss (and hence, the
efficiency of the PES).

Active gate control (AGC) is a technique, which is tradi-
tionally applied in power electronics to modulate the switching
dynamics of the PSDs, thereby controlling EM-noise genera-
tion, reducing the PSD dv/dt and di/dt stresses and switching
losses [15]—-[17]. Incorporation of AGC is illustrated in Fig. 1(a)
and (b) for a single PSD even though, in general, the power stage
may be composed of multiple PSDs. In these schemes, typi-
cally, the control stage generates one or more width-modulated
logic signals, which are transmitted over electrical/optical links
to the power stage to feed the gate drivers through optoiso-
lators/photodetectors. The adaptive voltage-/current-excitation
output of the gate driver, which modulates the PSD switching
dynamics, is a function of the width-modulated signal and the
intensity reference generated by the AGC.

The primary difference between the two schemes illustrated
in Fig. 1(a) and (b) is the link between the control stage and the
power stage. For the scheme in Fig. 1(a), this link is electrical,
which is susceptible to external EM interference (EMI). This
limitation is often overcome by replacing the electrical link with
an optical link [18], [19], as illustrated in Fig. 1(b). It provides
a reliable and inexpensive solution to conventional shielding,
and reduces the overall weight and volume of the application
(e.g., FBL system [9]). However, the photodetector, which acts
only as a logic signal detector, cannot modulate the switching
dynamics of the PSD.

Further, notwithstanding the differences between the two
schemes, an additional delay is incurred in the optoisolator and
the photodetector stages. Additionally, an AGC scheme, referred
in Fig. 1(a) and (b), is designed to modulate the switching dy-
namics of an individual PSD of the power stage, and is typically
not an integral part of the conventional converter control design.
Because AGC modulates the PSD switching dynamics, which,
in turn, affects the EM-noise emission, dv/dt and di/dt stresses,
and power-conversion efficiency of a converter (referred from

0885-8993/$26.00 © 2011 IEEE
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conversion system.

here on as converter-performance parameters), it is logical to
consider integrating AGC with conventional converter control.

Such a novel integration, along with optical isolation, which
provides the immunity from external EMI and back-propagating
power-stage voltage and current transients [9], [19], [20], is il-
lustrated in Fig. 1(c). It is referred in this paper as the optically
activated gate control (O AGC') scheme. In the OAGC scheme,
the outputs of the PWM controller and the AGC are merged to
generate a pulsewidth- and pulse-amplitude-modulated signal,
which is fed to a laser via a laser driver. Subsequently, width-
and intensity-modulated optical output of a laser activates an
optically triggered power transistor (OTPT), which, unlike a
photodetector illustrated in Fig. 1(b), integrates two function-
alities: light-to-electrical conversion and control of the PSD
gate excitation. Because of this direct integration using OTPT,
the time delay between control initiation and PSD activation is
significantly reduced as compared to the schemes outlined in
Fig. 1(a) and (b).

Rest of the paper is as follows. Section II describes the OAGC
scheme along with its implementation issues, and outlines the
impact of OAGC on the PSD switching dynamics and converter-
performance parameters. In Section III, the principle of opera-
tion of the GaAs-based OTPT along with its design and optical-
interface issues are discussed. In Section IV, first, steady-state
and switching characterization results of the OTPT are shown.

:Optlcal isolation and immunity
1 from external EMI

Power stage

©

lustrations of AGC in conventional power electronics application with (a) electrical and (b) optical links. (c) Illustration of an OAGC-based power-

Subsequently, OTPT-based modulation of the switching dynam-
ics of a PSD is demonstrated. Finally, the effect of OTPT-based
OAGC on converter-performance parameters is experimentally
demonstrated and a methodology to achieve an optimal tradeoff
among these parameters is outlined.

II. OAGC CONCEPT

In this section, the operating principle of the OAGC, and
its impact on the PSD switching parameters and converter-
performance parameters are outlined. For illustration of the
concept, a power MOSFET is chosen as the PSD (although
the same concept can be extended to other types of PSDs, as
demonstrated in Section IV).

A. Principle of Operation and Implementation Schemes

Conventionally, the AGC schemes focus on the modulation
of the switching dynamics of a power MOSFET by controlling
the gate-voltage dynamics. One of the most critical phases of
the gate-voltage waveform of a power MOSFET is the Miller
plateau, which denotes the relatively flat portion of the power
MOSFET gate-to-source voltage waveform. In this phase, most
of the current supplied by the gate driver charges/discharges
the effective MOSFET gate-to-drain capacitance (which is am-
plified in magnitude compared to its nominal steady-state value
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Fig. 2. (a) Active current injection. (b) Active-voltage-slope-based AGCs.
(c) Optically activated variable-gate-resistance-based OAGC.

due to the Miller effect) and the power-MOSFET gate-to-source
voltage does not increase in magnitude. Further, most of the
switching loss occurs in this phase because the drain-to-source
voltage and the drain-to-source current undergo their sharpest
transition during this phase. Therefore, the primary focus of
many conventional AGC schemes has been the reduction of this
Miller plateau width for mitigating the switching loss. Fig. 2
shows the broad categories of conventional AGC schemes ac-
tively controlling the profile of the injected gate current [see
Fig. 2(a)], and the shape and slope of the applied gate voltage
[see Fig. 2(b)].

In contrast, in the OAGC scheme, as illustrated in Fig. 2(c),
the PSD switching-dynamics modulation is achieved by varying
the effective resistance between the dc bias and the gate of the
power MOSFET. The information encoded in the optical signal
serves two purposes: 1) the pulsewidth information determines
when the power MOSFET is turned on or turned off, while 2)
the pulse-amplitude information enables modulation of the gate
resistance, thereby modulating the charging/discharging rate of
the power MOSFET input capacitances (Cgg and Cgp) and the
switching dynamics of the power MOSFET. The mechanism for
implementing the OAGC scheme is illustrated in Fig. 3(a) using
the principal optically activated element (OTPT) that serves as
the variable gate resistance.

Each OTPT (i.e., ON-OTPT or OFF-OTPT) is activated in
a complimentary manner using the ON-laser or the OFF-laser
output within a certain wavelength, while the variable inten-
sity of the optical signal modulates the conductivity of the
OTPT by photogeneration—recombination process. The ON-
laser or the OFF-laser is fed by a laser driver, which produces
amplitude-modulated current-drive signals to produce the cor-
responding amplitude-modulated optical output. In the illumi-
nated state, photogeneration and subsequent transistor action
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enhances the conductivity of the ON-OTPT, thereby reducing
its ON-resistance. (During the same time, the OFF-OTPT stays
in the nonconducting and high-resistivity mode.) Subsequently,
a gate-excitation current from the Vg;.s flows through the ON-
OTPT and charges the power-MOSFET gate up to the level of
VBias With respect to Vier. In a complimentary manner, when
the OFF-OTPT is illuminated, it acts as a discharging element
and pulls down the gate potential of the power MOSFET close to
the Vet level, thereby turning the power MOSFET OFF. During
this phase, the ON-OTPT is in OFF state.

While the configuration in Fig. 3(a) can control both the
turn-ON and the turn-OFF dynamics of the power MOSFET,
Fig. 3(b) and (c) represent special cases of OAGC implementa-
tion that control, respectively, only the turn-ON and the turn-OFF
dynamics of the power MOSFET. In Fig. 3(b) or (c), the OTPT
controlled with variable-intensity optical signal is placed in the
charging/discharging path, while the discharging/charging path
consists of a fixed resistor (or an OTPT activated with optical
signal of fixed intensity). The physical resistor eliminates the
need for an additional OTPT, and its optical source and driver,
but results in a higher power dissipation. The value of the fixed
resistor cannot be chosen too high because it increases the charg-
ing/discharging time of the power MOSFET; it cannot be too
low because it leads to enhanced power dissipation.

Although the OAGC needs a filtered and isolated dc logic
bias, it may not be affected by a radiated EMI because of higher
power level (compared to the time-varying control signal) and
zero fundamental frequency of the bias. Alternatively, an all-
optical approach may employ a photocell-based dc logic supply.

B. PSD Switching-Dynamics Modulation Using OAGC

Fig. 4 illustrates the effect of OAGC on the PSD switch-
ing dynamics by showing the correlation between the optical
input to the OTPT and the OTPT ON-resistance, and gate-to-
source and drain-to-source voltages of a power MOSFET. Opti-
cal signals of two different intensity levels are shown. A higher
intensity of the optical signal results in an enhanced photogen-
eration of electron-hole carriers inside the OTPT. Therefore,
the steady-state ON-resistance of the OTPT goes down with
increasing optical intensity [21], which leads to faster charg-
ing/discharging of the input capacitance of the power MOSFET.
Therefore, the gate-to-source voltage of the power MOSFET
reaches the threshold voltage in a shorter amount of time or
the Miller plateau shrinks due to faster charging of the gate-to-
drain capacitance of the power MOSFET. While the rise times
of the ON-OTPT and OFF-OTPT have a direct impact only on
the PSD [i.e., power MOSFET in Fig. 3(a)] turn-ON and turn-
OFF delays (tox-delay,psD and topr-delay,PSD ), the ON-resistance
of the OTPTs affect the PSD delays, and the rise and fall times
(trise,psp and te psp), as shown in Fig. 4. A higher optical
intensity for the OTPT results in a smaller rise time due to faster
rate of photogeneration inside the OTPT [22], and therefore,
leads to a smaller delay.

An analysis of the switching-dynamics modulation, based on
the circuit shown in Fig. 3(a) with grounded reference point
(i.e., VRer = 0), is outlined next. Because the ON-OTPT con-
trols the charging of the power-MOSFET gate, this charging
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Fig. 3. Illustration of the OAGC schemes using (a) turn-ON and turn-OFF controllability, (b) only turn-ON controllability, and (c) only turn-OFF controllability.
Scheme in (a) uses two OTPTs and two variable-intensity pulsating optical signals. For (b) and (c), the discharging/charging path consists of either a fixed physical
resistor or an OTPT activated by a fixed-intensity optical signal. Hybrid packaging realizations of (a) and (b) are shown in Fig. 14 (¢) and (d), respectively. Such a
package is composed of active devices and if a physical resistor is used then it is not part of the package. Electrical terminals are indicated by the symbols G, D,

S, C, and E that represent gate, drain, source, collector, and emitter, respectively.

Amplitude modulation

of the optical signal )
On-laser signal

On-OTPT resistance

-
trl.ve,()n»()TI’ T

Modulation of the Miller

] am Power MOSFET gate-
plateau widtl

to-source voltage Vi,

N

Vin==

N
fuan

Power MOSFET drain-

to-source voltage
Lon-delay,PSD

Lyise,psp

Fig. 4.

Amplitude modulation 1 gromm e
of the optical signal .
Off-laser signal
Off-OTPT resistance
—
Lise ofro1PT
Modulation of the Miller Power MOSFET gate-
plateau width ~ to-source voltage V,,
Vg —%-
3 Power MOSFET drain-
P Vil to-source voltage
off-delay.PSD H
|
1
— le—

i, psp

Illustration of the OTPT-based modulation of the PSD switching dynamics with amplitude modulation of the optical signal.



MAZUMDER AND SARKAR: OPTICALLY ACTIVATED GATE CONTROL FOR POWER ELECTRONICS

2867

Lon-delay,PSD

’I R()n—()VI’T

X

Optical Turn-on and Power-
intensity for —’l Lrise,On-0TPT Lrise,PSD turn-off 5| conversion
the On-OTPT switching efficiency
losses
Optical
intensity for _’I Rogorpr Lofidelay,PsD ESDstresses
the Off-OTPT Rate of
change of
I—'l Lrise,Of-01PT Lall,psp ESD voltage :
rise. O ol and curtent Electromagnetic
noise emission

Fig. 5.

dynamics (under the assumption that the change in the OFF-to-
ON-state optical intensity is instantaneous, which also implies
that the optical-intensity-dependent impedance of the ON-OTPT
or fi(Pox-orpT), Which is described in Appendix I, is a con-
stant) is given using the following relation [22]:

dVgs o VBia‘s - V;;s

dt  fi(PoxorpT)
(1 _ e*t/fl (PON-()TPT)Ciss)

Ciss = V;;s (t)

(D

where orp is the intensity of the optical input activating the
ON-OTPT, Cj, is the effective input capacitance, and V; is
the gate-to-source voltage of the power MOSFET. The power
MOSFET begins conducting when V,, reaches the threshold
voltage Vy,. Effectively, fon.delay,psp 18 the sum of the time
needed for charging Ciss to Vpy, and the rise time of the ON-
OTPT or tyise,on-orpT (that is related to Pox.oTpr Vvia the
function f5 (Pox-orpT) that is described in Appendix I). This
VBias

yields [22]
— . 2
VBia‘s - VTh) ( )

Now, assuming that the generic forms of fi(-) and f5(+)
are applicable for both ON-OTPT and OFF-OTPT, and not-
ing the complementary switching of the OTPTS, forr-delay,PSD
trise,PSD> and g1 psp can be expressed as follows [22]:

= VBias

ton-delay,PSD = f2 (Pox-oTPT)

+ Ciss f1 (Pox-opr) In <

torr-delay,PSD

V ias
= fo(Porr-orpT) + Ciss f1 (Porr-oTpT) In (‘Zh) (3)

VBias >
trise,PSD = Ciss Pox. In
eb fl( o OTPT) (VBias - (VTh + (Iin/gfs))
4)
\% ) T Iin (s
ttan,psp = Ciss f1 (Pore-oTpT) I (TIV(TI/gf)> 5)

where [;, is the steady-state current flowing through the power
MOSFET and gy, is its forward transconductance.

Tllustration showing the functional relationship between the converter-performance parameters and the OTPT optical intensity.

C. Modulation and Optimization of Converter-Performance
Parameters Using OAGC

In Fig. 5, a functional relationship between the intensity of
the input optical signals for the ON-OTPT and OFF-OTPT (used,
respectively, for controlling the turn-ON and turn-OFF dynam-
ics of the PSD) and the converter-performance parameters is
explained. The optical intensity of each OTPT controls its ON-
resistance and rise or fall time, which have a direct impact on
the turn-ON and turn-OFF delays of the PSD, and its rise and
fall times. This, in turn, controls the switching losses of the
PSD and its dv/dt and di/dt, which directly influence converter-
performance parameters, as outlined next using some case
illustrations.

1) Illustrations of the Effect of OTPT Optical Intensity on
Converter-Performance Parameters: The power-conversion ef-
ficiency of a hard-switched buck converter, illustrated in Fig. 25,
is approximated by

o ]Dload
K Pload + Llump + LS\V

where F,.q is the output power, Lgw is the switching loss of the
power MOSFET, and Ly, is the net sum of other losses (for
instance, conduction and switching losses of the diode, parasitic
losses, and conduction loss of the power MOSFET). Analytical
expression for Lgw is approximated, using [23], and (4) and
(5), to be

(6)

Vin1in
2
Vinin
2

Lsw = fsw [trise,pSD + tran,PsD]

= fsw Ciss

VBias
(VTh + (Iin/ng))>
Vi +V(T1;iln/9fs) ﬂ %)
where fgw is the switching frequency and Vi, is the steady-
state voltage across the power MOSFET. Using the expression

of Lgw from (7) in (6), one obtains, (8) as shown at the bottom
of this page

X [fl(PON-OTPT)ln (VBias —

+ fi(PomorpT) In (

-Pload

Ui

" Pioad + Liymp + fsw % 21 Ciss f1 (Pon-otpT) + A2Ciss f1 (Porr-oTPT)]

®)
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Fig. 6. Waveform of the trapezoidal switching voltage across a PSD for

frequency-spectrum analysis. Symbols 7" and d represent switching period and
duty cycle, respectively.

where

VBias

VTh + Iin/gfs)
AM=1In o =In| ————).
! (VBias - (VTh + Iin /gfs )) ’ ( VTh (9)

In (9), VBias and Viy, are referenced with respect to the source
potential of the power MOSFET. It is noted from (7) and (8)
that switching loss (or power-conversion efficiency) is a function
of the optical intensities of the ON-OTPT and OFF-OTPT and,
following (A1), decreases (or increases) with increasing OTPT
optical intensity.

Furthermore, for the buck converter, the dv/dt and the di/dt
stresses of the power MOSFET during turn-ON and turn-OFF
transients can be written (using linear approximation) as

| _ v
dt|ox M Cissfi (Pox-oTPT)

dv ‘/in

7 = (10a)
dt OFF )VQCissfl (POFF—OTPT)

ﬁ _ Iin

dt|on M Cissfi (PoxoTPT)

dl Iin

- = . (10b)
dt OFF )VQCissfl (POFF—OTPT)

It is evident from (10) that the dv/dt and the di/dt stresses
can be modulated by varying optical intensities of the ON-OTPT
and OFF-OTPT, and following (A1), the stresses increase with
increasing OTPT optical intensity.

Analyses of the harmonic amplitude and the spectral enve-
lope of the frequency spectrum of a switching waveform have
appeared in the literature [24]-[27]. However, most of these
analyses assume equal rise and fall times. A more general and
practical case for analyzing a switching waveform with unequal
rise and fall times (as observed in most of the commonly used
PSDs) is needed. In Fig. 6, such a waveform is illustrated. The
relationship between the magnitude of the harmonics and the
OTPT optical intensity is explained through the PSD rise and
fall times. Following the derivation in Appendix II, the magni-
tude of the nth harmonic is given by

|A77,| = ‘an 7.7bn| - \/m

= \/g%(triseA,PSD s tean,psD) + 93 (trise, PSD, tran,psp) (11)
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where the forms of functions g () and g (-) are given by (A8a)
and (A8b) in Appendix II, respectively. Equation (11) implies
that the magnitude of A, is a function of the OTPT optical
intensity and it increases with increasing OTPT optical intensity
according to (A8).

2) OTPT Optical Intensity for Optimal Tradeoff Among
Switching Loss and PSD dv/dt and di/dt Stresses: Equations
(7), (8), (10), and (11) indicate that with increasing OTPT
optical intensity, while power-conversion efficiency increases
(since switching loss decreases), the dv/dt- and di/dt-related
PSD stresses and EM noise also increase. Although variation
in the optical intensity only affects Lgw, it may be difficult
to experimentally measure Lgw of a converter directly. On the
other hand, from the ratio of the output and input power of a
converter, power-conversion efficiency can be measured in a
straightforward manner. Now, the total loss Lyt (i-€., the sum
of Ljymp and Lgyy ) is a function of optical power because Lgw
decreases with optical power and Ly, remains constant. To
obtain a tradeoff among Ly .1, and dv/dt and di/dt stresses, an
optimization framework is outlined in (15) with the assumption
that ON-OTPT and OFF-OTPT are activated with equal optical
intensity,i.e., PFox.orpT = FPoreorPT = FPorpT. Under this as-
sumption, L., can be calculated [using (6)] as follows:

1
Ltotal (POTPT) = LSW + Llump = <77 - 1) Hoad- (12)

The functional dependency of L1 on Porpr is established
by (8). The expressions for dv/dt and di/dt for turn-ON and turn-
OFF, following (10), can be rewritten as follows:

At | otal oret M Ciss fi(Porpr) A Cis fi(PoreT)
(13a)

- P = + :

dt mm( orer) M Ciss fi(Porer)  A2Ciss f1 (PorpT)
(13b)

Now, Lyt is expressed in terms of watts, and dv/dt and di/dt
are expressed in terms of volts per microseconds or amperes per
microseconds. These quantities differ in units and magnitudes,
and therefore, need to be normalized with respect to a uniform
scale to be used in the objective function. Maximum values
of Liotal, and dv/dt and di/dt (denoted by L2Y,, dv/dt|max.
and di/dt|,,.y) are taken as the normalization factors, and the
resultant nominal functions are given by

_ Ltotal (POTPT)

tlgtlgl (POTPT) - [ max (14a)
total

dv dv/dt| .. (PorpT)
“v P _ total 14b
dt nom ( OTPT) dv/dﬂmax ( )
di di/dt| (PoTpT)
e P — total 14
dt nom ( OTPT) di/dt‘nlax ( C)
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The optimization problem using the objective function
J(Porpr) is defined as follows.

Minimize
J(Porpr) = a1 Ligim(Porpr) + a2 e (PorpT)
t nom
di
toas o (PorpT) (15)
nom

subject to

L,

dv

dt nom = H (POTPT)

di

dt nom
Pmin < POTPT < Pmax
a;+as+a3=1 and ao; >0, a; >0, a3>0

where o, ag, and a3 signify the relative degrees of priority of
switching loss, dv/dt, and di/dt in the objective function. Proper
selection of these weights is important as relative levels of the
priority from a system standpoint can vary. The vector function
H (Porpr) maps the dependence of LYO7,, dv/dt|,.,, and
di/dt|, ., on Porpr, and these dependencies are theoretically
described, respectively, by (8), (9), (12), and (14a); (A1), (10),
(13a), and (14b); and (A1), (10), (13b), and (14c). For a specific
application, an alternate way to determine H (Porpt) is via
empirical mapping, which has been adopted in this paper and
illustrated in Section IV. Now, it follows from the extreme-value

theorem [28] that
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(b)

©

(a) Device structure of the OTPT. (b) Micrograph of a prototype OTPT and its die wire bonding. (c) Packaged realization of the OTPT.

1) there may exist a global minima for J(Porpr) at the
stationary point Py rp where the first derivative of
J(Porpr) with respect to Porpr vanishes, i.e.,

d(J (Porpr))

=0
dPotpT

(16)

_p=
Porpr=P1pr

2) the minimum point may lie at the boundary of the range
of Porpr (i.e., either at P, ;, or Py .y), 1.€., the minimum
value of the objective function corresponds to the lowest

or highest value of the attainable Porpr.

III. GaAs-BASED OTPT FOR OAGC: DESIGN, OPTICAL
INTERFACE, AND HYBRID PACKAGING WITH PSD

This section describes the OTPT, which is the principal com-
ponent of the OAGC scheme. Because the OTPT is different
from a commercially available photodetector (generally used
in fiber-optic-based power electronics), basic structure, opera-
tional mechanism, and design issues of the OTPT are described
with particular regard to its conductivity modulation.

A. Structure and Operation

The OTPT is shown in Fig. 7 with structural, micrograph, and
packaged representations. GaAs is chosen as the base material
because it features high optical efficiency (with optical absorp-
tion coefficient of 10* cm~! near 800 nm wavelength range),
high electron mobility, and low-carrier-recombination lifetime.
These properties of GaAs [29] enable the OTPT to attain rapid
turn-ON and turn-OFF capabilities (thereby minimizing the delay
between the optical excitation of the OTPT and the actuation
of the PSD) and good optical responsivity (thereby minimizing
optical-triggering power requirement). The OTPT has an emitter
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Transition of the OTPT from the OFF-state to the ON-state when activated by the optical signal. A multifold increase in the magnitude of the current

density due to increased photogenerated carrier density is observed. (a)—(d) Current-density distribution inside OTPT at four equally spaced time instants.

and a collector. Shallow low-energy implantation with Si atoms
is done to realize high-doped N* emitter region. Au—Ge-Ni al-
loyed metal layers, deposited by E-beam evaporation, form the
electrodes for the collector and the emitter. The optical window
is defined by the SizN, antireflecting (AR) coating deposited
using plasma-enhanced CVD (PECVD) technique. The N* col-
lector, P-body, and N- and P-GaAs epitaxial layers are grown
using metalloorganic CVD (MOCVD) technique.

In the OFF-state, voltage across the OTPT is supported by the
reverse-biased p-n junction between the P-body and N-GaAs
drift regions. When the activating beam falls on the OTPT, it
is absorbed in the optical window region, thereby generating
electron—hole plasma by photogeneration. This plasma, mo-
bilized by the electric field, is then attracted by the collector
and emitter electrodes, and constitutes electron and hole cur-
rents, thereby taking the OTPT to the ON-state. If the optical
signal is sustained, conductivity remains high, and the switch
remains closed. When the optical signal shuts OFF, the carri-
ers recombine, and the OTPT goes back to its high-resistivity
blocking state. The degree of conductivity modulation (by the
photogenerated carriers) varies with the optical power. Fig. 8
shows the conduction-current density inside the OTPT at four
equally spaced time frames during turn-ON transient. The ver-
tical axis represents the conduction current density, which un-
dergoes large change from Fig. 8(a) to (b) (during ON-state to
OFF-state transition) and from Fig. 8(b) to (c¢) (during conduc-

tivity modulation); however, the change is relatively small from
Fig. 8(c) to (d). Fig. 8 denotes that, with varying optical power,
the OTPT initially undergoes a large change in its resistance, and
then the resistance is modulated with increasing optical power.
However, for progressively higher optical power, the OTPT re-
sistance variation enters a flatter and saturated regime.

B. Structural Design Issues for Conductivity Modulation

The principal function of the OTPT in the OAGC scheme is
to modulate the switching dynamics of the PSD. Varying optical
intensity produces varying degree of conductivity modulation in
the OTPT, which leads to switching-dynamics modulation of the
PSD. If a small degree of optical-intensity variation can lead to
large variation in the OTPT conductivity (or the ON-resistance in
an inverse manner), then the overall requirement on the optical-
triggering power will be less demanding. Therefore, the design
of the OTPT and its optical interface needs to produce large
variation in conductivity with reduced optical power.

The doping levels and thicknesses of the epitaxial layers have
been designed such that the total positive charge contributed by
P-GaAs layer nullifies the total negative charge contributed by
the N-GaAs drift layer [9]. This results in a uniform rectangular
electric field, which enables reduced effective distance between
collector and emitter electrodes of the unit cell of the OTPT, and
yields higher optical gain because photogenerated carriers travel
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Fig. 9. (a) 3-D view of the electric field distribution inside the OTPT at the
instant of breakdown. (b) 3-D view of the uniform photogeneration rate inside
the OTPT.

less distance inside N-drift region. Also, a rectangular electric
field [see Fig. 9(a)] mobilizes the photogenerated carriers in a
uniform manner, as demonstrated in Fig. 9(b). Moreover, the
quantum efficiency and the switching speed of the OTPT de-
pend strongly on the minority-carrier-recombination lifetime in
the P-body region. A higher doping of the P-body results in
a shorter lifetime, which ensures faster turn-OFF due to rapid
recombination when the light shuts off, but it also leads to a
lower device gain because photogenerated carriers recombine
easily and have less chance of contributing toward conductivity
modulation. Fig. 10 shows comparative pictures of recombina-
tion rate and conduction-current density for two OTPTs with
identical dimensions, but different P-body doping density.
Particular thickness and refractive index of the Si3Ny film
is designed so that minimum light is reflected from the front
surface. Reflectivity as a function of varying Siz N, layer coating
thickness and different refractive indexes are calculated, and the
result is plotted in Fig. 11. A suitable thickness (300 nm) has
been chosen from this plot to achieve minimum reflectivity.

C. Issues for the Optical Interface and Packaging of the OTPT
for Conductivity Modulation

Typically, the output beam from laser diode has elliptical
shape with approximately Gaussian power distribution [30].
Simulations show that the optical triggering beam should be as
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circularly uniform as possible. Nonuniform illumination may
result in uneven current distribution inside the bulk of the de-
vice and even leads to low optical gain that yields lower quantum
efficiency. Fig. 12 shows comparative pictures of the identical
OTPT illuminated by two optical beams having different wave-
front shapes in terms of the Gaussian spread. The lower spread
of optical beam leads to localized photogeneration in Fig 12(a),
yielding far lower conduction current density.

The wavelength of the incident optical beam is a critical
design parameter, as it strongly influences the reflectivity and
optical absorption depth [29] inside the OTPT, which affect the
overall photogeneration rate, and hence, the degree of conduc-
tivity modulation. Fig. 13 shows photogeneration rate inside
OTPT for 400- and 800-nm wavelengths of the optical beam
and corresponding modulation in the electrical field for identi-
cal optical intensity. Due to lower reflectivity and larger depth
of absorption, an 800-nm wavelength beam produces higher
modulation of the electric field to mobilize the photogenerated
carriers more intensely for conduction.

The packaged hybrid integration is demonstrated in Fig. 14.
Dies of Si-based power MOSFET, Si-based insulated-gate bipo-
lar transistor (IGBT), SiC-based vertical junction FET (VJFET),
and SiC-based DMOSFET are obtained from International Rec-
tifier, SICED AG, and Cree, Inc., respectively, and are copack-
aged with the GaAs-based OTPT die. The aim of such hybrid
packaging is to reduce the interconnect length to minimize the
parasitic impedance between the OTPT(s) and the PSD due
to the interconnects. Furthermore, the optical fiber can be ter-
minated into a single hybrid package, thereby enhancing the
immunity of the PSD, as well as the OTPT-PSD interconnects
to external EM noise. Key issues for such hybrid packaging are
the mutual placement of the OTPT and the PSD dies. The PSD
die is a vertical device with bond pads on both sides of the die,
whereas the bond pads of the OTPT are on the top surface of
the die and the backside of the OTPT is not metalized because
of its lateral device structure. Therefore, the bottom bond pad
of the PSD die is soldered onto a conductive metal pad from
which bond wires are brought out for external electrical con-
nections. Furthermore, both the OTPT and the PSD dies need
to dissipate heat through the package floor while in operation.
However, the lateral OTPT and the vertical PSD dies cannot be
directly attached to the package floor as their backside cannot
be at the same electrical potential. Dies, therefore, are pasted on
to a thermally conductive, but electrically insulating, die attach
material (beryllium oxide), which helps conduction of heat, but
provides necessary electrical isolation.

It is noteworthy that, for the development of first generation
OTPT, the die size was chosen approximately 7 mm X 7 mm.
This was done to ensure low resistance, good heat dissipation
capability, and uniform illumination of light on the die from a
vertical optical-fiber termination. The layout of the OTPT is of
interdigitated type with the distance between individual pair of
fingers depending on the voltage rating of the device, and the
length and width of the fingers depending on the current rating.
Therefore, by adjusting the number of fingers and their 2-D dis-
tribution, the die size of the OTPT can be reduced significantly.
This is expected to reduce the cost per unit die for the OTPT.
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Comparative plots of photogeneration and conduction current density of OTPTs with (a) higher doped P-body and (b) lower doped P-body. This suggests

that the P-body doping density should not be made too high because it results in enhanced recombination leading to poor conductivity modulation.
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Fig. 11.  Reflectivity as a function of AR coating thickness and refractive index.
Lower reflectivity yields higher optical absorption leading to better conductivity
modulation, and therefore, 300 nm thickness is chosen for the design.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Steady-State and Switching Characterizations of the
GaAs-Based OTPT

In this section, steady-state -V characteristics and switch-
ing dynamics characterization of the OTPT are presented. Op-
tical intensity is defined to be the optical power per unit area.
For optical-intensity-modulation experimentations, one key as-
sumption, which holds for all the experimental results in this
paper, is made. Further, it is assumed that the optical illumi-

nation is uniform and the area of illumination remains identi-
cal (because identical laser, laser-to-fiber coupler, optical fiber,
and fiber-to-OTPT interface are used) for all experimental con-
ditions. Experimental results, therefore, feature optical power
(which can be estimated with greater accuracy based on the
measurement of laser-drive current and the laser-diode charac-
teristics) as the independent variable. Optical test setup details
are provided in Table I.

Dark resistivity is an important property of an optically trig-
gered device, as it determines the leakage current under nonillu-
minated condition. For a large-peak-current-rated device, where
the active area of the individual die is quite large, leakage current
must be kept small to prevent static loss in the triggering circuit.
Dark resistivity of the GaAs-based OTPT is measured under
nonilluminated condition using a Tektronix 371 A curve tracer
and the result is shown in Fig. 15. Less than 1-pA steady-state
current flows through the OTPT when a steady-state 50 V cur-
rent is applied across the OTPT. Therefore, the dark resistance
can be approximated to be ~50 V/1 pA = 50 M.

Next, the characterizations of the single OTPT for the nominal
switching operation are carried out and the switching parameters
are measured. The resistive load circuit is shown in Fig. 16.
For power electronic applications, one of the most important
characteristics is the ability of the OTPT to follow a triggering
optical signal of variable pulsewidth. Pulse-following capability
of the OTPT is tested at switching frequencies of 20 and 80 kHz
by programming the duty cycle of the optical signal over a
broad range. The linear relationship between the duty cycles of
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Fig. 14.  Hybrid packaging scheme with (a) two OTPTs coupled to a vertical PSD die and (b) single OTPT coupled to a vertical PSD die corresponding to
Fig. 3(a) and (b), respectively. Corresponding prototype packages are shown in (c) and (d) where the PSD dies are (c) SiC-based DMOSFET and (d) Si-based power
MOSFET, respectively. Electrical terminals are indicated by the symbols G, D, S, C, and E that represent gate, drain, source, collector, and emitter, respectively.

TABLE I
DETAILS OF THE LASER, LASER DRIVER, OPTICAL FIBER, AND OPTICAL INTERFACE USED FOR EXPERIMENTAL MEASUREMENT

Laser FAP-600  |Fiber characteristics 600 pm core diameter, Laser-to-fiber g\ /4 g0
multi-mode coupler
Laser driver [PCX-7410 |Fiber numerical aperture |0.37 f(’)‘l’l;rl:f'OTPT SMA-900

the optical signal and the OTPT output voltage signal is shown
in Fig. 17. Itis noted that the maximum switching frequency and
the duty cycle of the OTPT is determined by the laser driver, and
the type and rating of the PSD. For instance, in our experiments,
the output of the laser driver could only achieve a maximum
of 95% duty cycle and 100 kHz frequency. However, the fast
temporal response of the OTPT (as evident in Fig. 19) clearly

Dark cu ”"fm of indicates the ability of the OTPT to follow signals with higher
NuAzat 50V,

_ | repletion rate.
M 15 € Modulation of the PSD switching dynamics strongly depends
on the variation of the OTPT ON-state resistance. The OTPT ON-

Fig. 15. Conduction characteristic of the OTPT without illumination. Dark state re,SI,S tance 1s ,mea,sured,by a p01nt-.by-p oint method using
resistance is obtained to be approximately 50 M. the resistive load circuit of Fig. 16. In this method, voltage drop
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Experimentally measured linearity of the duty cycle of the OTPT voltage signal and the optical signal over a wide range of duty cycles (0.1-0.8) for

(a) 20 kHz and (b) 80 kHz, and under the following conditions: Vpi,s = 60V, Rj,,q = 1000 €2, and optical power = 1 W.
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Fig. 18. Experimentally measured modulation of the OTPT steady-state ON-
resistance with varying optical power under the following conditions: Vpi,s =
10V, Rypaq = 50 Q, frequency = 5 kHz, and duty cycle = 50%.

across the OTPT during steady-state conduction is measured for
different optical power levels. Resistance values are extracted
from these data points, and they are plotted to show the vari-
ation (see Fig. 18). Low bias voltage of 10 V is used for this
experimentation so as to achieve high level of resolution in the
measurement of the ON-state voltage drop of the OTPT. Switch-
ing frequency is also lowered to 5 kHz so as to allow the OTPT

to remain in the steady-state conduction mode for a larger time.
Fig. 18 shows a sharp drop in the ON-resistance with variation in
optical power, and then enters a relatively flat saturation region.
This behavior is expected from the theoretical analysis [21] and
(A1), which outline the nonlinear relation between the OTPT
ON-resistance and the intensity of its optical signal.

Next, snapshots of the turn-ON and turn-OFF dynamics of
the OTPT are shown in Fig. 19. Turn-ON and turn-OFF de-
lays are measured as the difference between the time instants
of the initiation of the laser-drive signal and initiation of the
change in the OTPT voltage. Rise and fall times are defined as
the time taken to change the OTPT voltage from 10% to 90%
(or vice versa) of its steady-state value.

B. Characterizations of the OAGC-Based PSD
Switching Dynamics

In this section, the results on the switching-dynamics mod-
ulation of the PSD are presented. The circuit arrangement is
similar to Fig. 3(a) and the PSD is chosen to be a CoolMOS
power MOSFET (Infineon part number 47N50). First, the mod-
ulation of the Miller plateau width with increasing OTPT op-
tical intensity is demonstrated. Fig. 20(a) shows how an incre-
ment in the optical power leads to a reduction in the Miller
plateau width. Fig. 20(b) shows multiple gate-to-source voltage
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Fig. 19. Snapshot of the (a) turn-ON delay, (b) turn-OFF delay, (c) rise time, and (d) fall time of the OTPT under the following conditions: Vpias = 60 V,
Rjoaa = 1000 €, frequency = 50 kHz, duty cycle = 50%, and optical power = 0.5 W. Scale for the vertical axis is 10 V/div, while for the horizontal axes are:
(a) 40 ns/div, (b) 100 ns/div, (c) 40 ns/div, and (d) 200 ns/div, respectively. For (a) and (b), the top trace is the voltage across the OTPT and the bottom trace is
the output current signal of the laser driver. The laser-driver current signal is measured through an internal current monitor of the laser driver and is of negative

polarity. The threshold current, at which the lasing starts, is ~6 A.
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Fig.20. Modulation of the Miller plateau width in the gate-voltage dynamics of the power MOSFET (CoolMOS 47N50) with varying optical power levels under
the following conditions: Vgias = 12V, Vigign = 50V, Rjgaq = 40 €2, and frequency = 30 kHz.

(corresponding to multiple optical intensity levels) superim-
posed onto each other, which clearly illustrates the variation of
the Miller plateau width as the optical power changes.

Next, the variations in the switching parameters of the PSD
(CoolMOS 47N50) for varying optical power levels are mea-
sured. First, turn-ON and turn-OFF delays, and rise and fall times
of the PSD for varying optical power levels are plotted in Fig. 21,
and then the time-domain snapshots are shown in Fig. 22. Three
distinct test cases are considered and they are described as
follows.

1) oN-laser variation: Power of the ON-laser is varied from

0.25 to 2 W and that of the OFF-laser is held constant at
1 W. This will result in a variation in Ron.oTpT, While

2)

3)

RopeorpT remains constant. Therefore, primarily turn-
ON dynamics can be controlled.

OFF-laser variation: In this case, power of the OFF-laser is
varied from 0.25 to 2 W and that of the ON-laser is held
constant at 1 W resulting in variation in the Ropr0TPT,
while Ron.oTpr remains constant. Therefore, primarily
turn-OFF dynamics can be controlled.

ON-laser and OFF-laser variations: In the more general
case, power levels of both the ON-laser and OFF-laser are
varied simultaneously with the ratio 1 : 1 from 0.25t0 2 W.
This will result in variations in the values of Ron.oTpT, @S
well as Roge.oTpT. Both turn-ON and turn-OFF dynamics
can be controlled in this mode of operation.
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Fig. 22. Time-domain snapshots of (a) turn-ON delay (98.4 ns), (b) rise time (124.8 ns), (c) turn-OFF delay (592 ns), and (d) fall time (196 ns) of the CoolMOS
(part number 47N50) obtained under the following conditions: Viias = 12V, Vigign = 50V, Rigaq = 40 Q, frequency = 30 kHz, and duty cycle = 50%. (a) Top
trace is the voltage across the CoolMOS and the bottom trace is the output current signal of the ON-laser driver. (b) Only trace is the voltage across the CoolMOS.
(c) Topmost trace is the output current signal of the OFF-laser driver, next trace is the voltage across the CoolMOS, and bottom trace is the gate-to-source voltage
of the CoolMOS. (d) Top trace is the voltage across the CoolMOS and the bottom trace is the gate-to-source voltage of the CoolMOS. The laser-driver current
signal is measured through an internal current monitor of the laser-driver and is of negative polarity.
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It is seen from Fig. 21 that rise time and turn-ON delay de-
crease with the variation in the ON-laser power or with the
simultaneous variation in the ON-laser and OFF-laser powers,
whereas they are not much affected by the OFF-laser power vari-
ation. In a complimentary manner, fall time and turn-OFF delay
decrease with the variation in the OFF-laser power or with the
simultaneous variation in the ON-laser and OFF-laser powers,
whereas they are not much affected by the sole variation in the
ON-laser power. However, all four switching parameters (i.e.,
rise time, fall time, turn-ON delay, and turn-OFF delay) are af-
fected by simultaneous variations in the ON-laser and OFF-laser
power levels. Time-domain snapshots of the turn-ON and turn-
OFF delays and rise and fall times are shown in Fig. 22.

So far, only the PSD switching dynamics modulation is dis-
cussed. Because OTPT is a single-stage device incorporating
dual functions of optical-to-electrical conversion and gate driv-
ing, the delay between the control signal and the onset of the
PSD switching is likely to be the least for the OAGC ap-
proach as compared to existing optical isolation techniques.
This hypothesis is experimentally validated. Optoisolator gate
driver HCPL 3101 and optical receiver/transmitter (HP T-1521/
R-2521, 5 MBOD optical data link), along with TC4420 gate
driver, are used for benchmarking. For all of the cases, the de-
lay is measured between the control input signal and the onset
of change in the voltage across the PSD. The comparative re-
sults are shown in Fig. 23. The optoisolator gate driver displays
largest delay (~1.12 us) followed by optical receiver/transmitter
pair (~440 ns), whereas the optical triggering by OTPT gives
least delay (~132 ns). Moreover, this delay can be controlled
by varying the optical power, as evident in Fig. 21. For the other
two cases, the delay is preset by the gate driver IC, fixed gate re-
sistance, and fixed delay of the optical-to-electrical conversion
circuit.

The scalability of the OAGC concept to other PSDs is further
demonstrated. The OTPT(s) are coupled, in turn, to Si-based
power MOSFET (CoolMOS part number 47N50), Si-based
IGBT (IRG4CC50), 600-V SiC-based normally-oN VJFET
(obtained from SiCED AG, Germany), and 600-V SiC-based
DMOSFET (obtained from Cree, Inc., USA) following identical
circuit arrangement, as shown in Fig. 3(a). Nominal switching
operation with identical optical power is tested and the results
are shown in Fig. 24. For all the PSD types, the voltage wave-
form of the PSD follows the optical signal closely over a wide
range of switching frequency and pulsewidth.

C. Impact of the OAGC on Converter-Performance Parameters

For experimental characterization of the modulation of the
converter-performance parameters, a dc/dc buck converter is
built. The details of the experimental setup and parameters are
given in Table II. The circuit schematic is illustrated in Fig. 25.
Two optical sources are used to generate complimentary trigger-
ing signals for achieving controllability of the turn-ON and turn-
OFF dynamics. Identical test cases (ON-laser variation, OFF-laser
variation, and ON-laser and OFF-laser variations) are considered.

The variation in the power-conversion efficiency of the con-
verter with varying optical power is plotted in Fig. 26. An initial
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Fig. 23.  Demonstration of lower turn-ON delay as compared to other optical-
isolation techniques under following experimental conditions: Vpi,s = 12V,
Vitigh = 300V, duty cycle = 10%, and frequency = 10 kHz. Turn-ON delay
values are found to be, respectively, (a) 1.12 ps with optoisolator, (b) 440 ns
with the fiber-optic transmitter—receiver, and (c) 132 ns with the OTPT. For
all of the cases, the top trace denotes the voltage across the CoolMOS (part
number 47N50) and the bottom trace denotes the corresponding control signal.
For the optoisolator-based scheme, the control signal is the electrical logic
signal, while for the fiber-optic transmitter—receiver scheme, the control signal
is the electrical logic signal at the input of optical transmitter. Finally, for the
OTPT-based scheme, the control signal is the laser driver current signal.

sharp increment in the power-conversion efficiency is followed
by a gradually saturating behavior. This shape is almost recipro-
cal to that observed in the variations of the OTPT ON-resistance,
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Fig. 24.  Nominal switching operation for the OTPT(s) coupled to different types of PSDs. (a) Si-based power MOSFET (CoolMOS part number 47N50).
(b) Si-based IGBT (IRG4CC50). (c) Six hundred volts normally-ON SiC-based VIJFET. (d) Six hundred volts SiC-based DMOSFET. The dynamics of the SiC
DMOSFET is comparatively slower due to the high input capacitance of the device and is not attributed to the OTPT.

TABLE II
DETAILS OF THE EXPERIMENTAL SETUP FOR THE BUCK CONVERTER
Input voltage (V) 40V Logic bias (Vpias) 12V
Output load (Rjpaq) 8 ohm Filter inductor 200 uH
Switching frequency 100 kHz Filter capacitor 330 uF
Duty ratio 50% Diode DGSS20-06CC
Laser wavelength 808 nm Power MOSFET (PSD) Part # IRF530

Logic bias Vy,,, (with
respect to V)

------------- o
| Controller i—>| On-laser driver |

Off-laser driver

Logic inverter |—>| Off-laser | """""""

\
1
1
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Fig. 25.  Circuit schematic of the OAGC-based buck converter.
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Fig. 26.

frequency = 100 kHz, duty cycle = 50%, Rjoaq = 2 €2, and Pjyaq = 50 W.
(a)

Fig. 27.

Power-conversion efficiency of the buck converter (in Fig. 25) with varying OTPT optical power and under the following conditions: Vi, = 20V,

(b)

Representative time-domain snapshot showing (a) the rise time and (b) the fall time of the voltage waveform across the power MOSFET in the buck

converter during nominal operation. Horizontal scales: (a) 25 ns/div and (b) 50 ns/div. Vertical scales: [(a) and (b)] 2.5 V/div.

which is consistent with (9). While the peak efficiency in abso-
lute terms is ~82.5%, it is noteworthy that the key idea behind
this converter-based study is to demonstrate the applicability of
the OAGC scheme at a system level. The absolute value of the
efficiency and its range of modulation can change depending
on the topology, components type, technology and ratings, and
converter operating conditions. Nevertheless, the dynamic con-
trollability of the efficiency with the optical power modulation
can be demonstrated in most cases, because fundamentally, the
OAGC modulates the switching loss.

Assuming a linear change in the voltage/current across the
PSD during switching, the dv/dt (or di/dt) stress can be cal-
culated, approximately, by dividing the peak voltage (or cur-
rent) by the rise/fall times. Because voltage and current change
sharply during turn-ON and turn-OFF instants, the dv/dt and
di/dt stresses are measured for both turn ON and turn OFF. Rep-
resentative time-domain results (rise time and fall time of the
voltage across the PSD) are shown in Fig. 27, and dv/dt and
dildt stresses are plotted in Fig. 28.

Next, the modulation of the EM noise spectrum is studied
experimentally (as illustrated in Fig. 29). Conducted common-
mode noise, measured using the input current waveform of the
converter, is chosen for this purpose. Agilent spectrum analyzer
4395 A is used to capture the frequency-domain representation
of the input current waveform. High-bandwidth, Hall-sensor
current probe is placed around the input cable and the output of
the probe is connected to the spectrum analyzer through 50 €2
BNC termination (see Fig. 29). Analyzer output is connected
to a PC and the spectrum data is directly captured through a
general-purpose interface bus (GPIB)/universal serial bus (USB)
interface. Generally, for conducted-noise measurement, one
commonly used frequency band is 10 kHz—5 MHz [31]. Ac-
cordingly, the low- and high-frequency limits are set at 10 kHz
and 5 MHz, respectively, with a 1-kHz resolution. Results are
shown in Fig. 30 for two distinct optical-power levels. The en-
velope of the spectrum is drawn for the second case (2.0 W)
by joining the peaks of the magnitudes. Exactly the same enve-
lope, when superimposed on the other one (0.5 W), illustrates
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the changes in the spectrum, which occurred due to a change in
the optical intensity. Smaller optical power lowers the common-
mode noise amplitudes in the high-frequency range by slowing
down the switching speed of the power MOSFET.

The effect of the variation in optical power is most pronounced
at high frequency (>2 MHz for this case) since the optical power
affects the PSD rise and fall times, which are of the order of
tens of nanoseconds. By controlling EM-noise without using
external EMI filter, the present approach may preclude the need
for changing converter complexity and dynamics. Moreover, the

Sps
apalyzer

Schematic and photograph of the experimental setup for studying the modulation of the EM-noise spectrum of the prototype buck converter.

results reported in this paper provide a concept demonstration at
low power levels. For high-power and high-frequency converters
(e.g., using SiC devices), the absolute values of the EM noise
reduction is expected to be significantly higher.

The optimization framework (see Section II) is used to cal-
culate the objective function and determine the optimal optical
power level. Total loss is extracted from the experimentally
measured efficiency values using (13) and is plotted in Fig. 31.
Data corresponding to Figs. 28 and 31 are used to calculate
the objective function. Following three test conditions (i.e.,
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Amplitude (dBpV)

Frequency (MHz)
(b)

Buck converter input-current-noise spectrum (10 kHz—5 MHz at 1 kHz resolution) for optical-power levels of (a) 500 mW and (b) 2.0 W. The faded line

(touching the amplitude peaks) shows the exact same envelope to illustrate the effect of the two different optical-power levels.
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Fig. 31. Total loss for the buck converter (shown in Fig. 25), with varying
optical power as extracted from the experimentally measured power-conversion
efficiency values.

ON-laser variation, OFF-laser variation, and ON-laser and OFF-
laser variations), corresponding objective function values are
shown in Fig. 32(a)—(c). The minimum point of the objective
function, which corresponds to the optimal optical intensity, can
be observed for all of the three cases.

It can also be seen from Fig. 32 that the optimum point
occurs at different optical power levels for different distribution
of the weights on power-conversion efficiency. In Fig. 33, the
optimum optical-power level is plotted against the weight on
efficiency for all three cases. It is observed that there exists a
limited range of optimization (corresponding to a limited range
of weight on the power-conversion efficiency) within which the
objective function curve exhibits an interior minima. Outside
this range, the minimum value of the objective function lies at
the boundary of optical-intensity range. For very small weight
on the power-conversion efficiency, the minimum point of the
objective function lies on the left-hand side boundary of the
optical-intensity range. Physically, this corresponds to very low
optical power leading to poor efficiency, but much reduced PSD
stress (because of the slow switching dynamics of the PSD). On
the other hand, for a very small weight on the PSD stress, the
minimum point of the objective function lies on the right-hand
side boundary of the optical-intensity range. Physically, this
corresponds to high optical power leading to higher efficiency
and enhanced PSD stress (because of fast switching dynamics
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Fig. 32. Experimentally measured objective function and its minima for
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variations.
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Experimentally measured optical power at which the objective function [described by (16)] attains minima with varying weight on power-conversion

efficiency. It can be observed that the range of optimization is largest for the scheme with turn-ON and turn-OFF controllability (ON-laser and OFF-laser variations).

of the PSD). It is also observed from Fig. 33 that this range of
optimization is maximum for the case when the intensities of
both the ON-laser and the OFF-laser vary simultaneously.

V. SUMMARY AND CONCLUSION

Control of switching loss (and hence, power-conversion ef-
ficiency), dv/dt and di/dt stresses, and EM-noise emission (re-
ferred to as the converter-performance parameters) of a power
converter comprising one or more PSDs at the device level has
attained significance in the context of next-generation rapid-
response, high-frequency, energy-efficient, and robust power-
electronics and pulsed-power/pulsed-load systems. In this re-
gard, this paper outlines a novel OAGC concept that enables the
dynamic control of a PSD using an OTPT, which modulates the
excitation of the PSD.

OAGC differs from the electrical AGC in several aspects.
First, OAGC reduces switching initiation delay due to di-
rect photogeneration and reduced stages in the driver. Second,
OAGC can be realized by modulating optical intensity, as
well as wavelength, both of which can enable conductivity
modulation of the OTPT [24]. Third, OAGC enables inte-
gration of optical isolation and converter-performance con-
trol at device level in a single framework. Finally, with
reference to high-ambient-temperature power electronics us-
ing wide-bandgap PSDs, OAGC can enable integration of the
driver and the PSD by optically compensating the temperature-
induced drift in the PSD switching dynamics. A preliminary
study in this regard has been done and the GaAs OTPT is shown
to work successfully up to 200 °C temperature along with an SiC
DMOSFET. Details of this investigation are presented in [32].

OAGC can potentially be realized in a single monolithic de-
vice by integrating the OTPT and the PSD. Integrated optical
switch in the form of light-triggered thyristor (LTT) [20] has
been demonstrated. While the turn-ON of the LTT is initiated

with small optical power, the turn-OFF dynamics, unlike OAGC,
is not optically controlled. Further research needs to be carried
out to assess the tradeoff between effectiveness of an integrated
approach and cost, complexity, and reliability of fabrication.
In contrast to the integrated approach, a key advantage of a
hybrid scheme is scalability with respect to the PSD rating,
material, or structural variations, as demonstrated in this paper.
For instance, GaAs-based OTPT can couple with existing Si-
or SiC-based PSDs using off-the-shelf and cost-effective long-
wavelength (800-850 nm) optical sources and drivers.

We further outline a mechanism for controlling converter-
performance parameters by varying the triggering optical in-
tensity of the OTPT. The fundamental link in this process is
identified to be the ON-resistance of the OTPT, which is op-
tically modulated to control the gate excitation of the PSD.
Experimental results on converter-performance parameters as
a function of OTPT optical intensity demonstrate this correla-
tion. It is also gathered from the parametric studies and analysis
that sensitivity of the ON-resistance of the OTPT along with its
quantum efficiency are key design factors from both cost and
application standpoints. The choice of a material (such as GaAs)
with high optical-absorption efficiency, optimal refractive index
of the OTPT antireflecting passivation layer, and the wavelength
of optical excitation are important design parameters.

With regard to the PSD switching dynamics modulation,
three distinct types of OAGC mechanisms were explored for
controlling the turn-ON/turn-OFF/and both turn-ON and turn-OFF
dynamics. Because there exists a mutually contrasting depen-
dence of PSD dv/dt and di/dt stresses, and switching loss (or
power-conversion efficiency) on optical intensity of the OTPT,
the necessity of joint optimization is realized and experimen-
tally explored. The range of this optimization depends on the
weights placed on power-conversion efficiency and PSD dv/dt
and di/dt stresses, and is maximum for the OAGC scheme
with both turn-ON and turn-OFF controllability. Finally, with
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reference to the EM-noise modulation, the effect of OTPT op-
tical intensity is found to be more pronounced in the high-
frequency region because the variation in the optical intensity
primarily affects the dynamics of the PSD switching-edge tran-
sition, which is on the order of nanoseconds.

APPENDIX I

FUNCTIONAL FORMS FOR OPTICAL-INTENSITY-DEPENDENT
ON-RESISTANCE AND RISE TIME OF THE OTPT

The relation between the OTPT ON-resistance and the optical
intensity of the OTPT (Porpr) is given by [21]

Rotpr = fi(PorpT)
_ K, n K
- K{Porpr + K{ = K}Porpr + KY

(AD)

where K, Ky, K, K{, K}, and K} are constants depending
on the material (GaAs in this particular case) properties, and
device design parameters (e.g., doping densities, dimensions of
different regions in the device, and the active die area).

The relation between the OTPT rise time and its optical-
intensity input is given by [21]

trise,orpT = fo(PorpT)

=7,u | In (MlPOTPT —l—Mg)M4 +
! Mz Porpr

(MsPorpr + M)

\/M7P(2)TPT + Mg
 In <M9POTPT + Mg — /M7 P3ppp + Ms)

My Porpr + Mg + /M7 P3pr + Ms

(A2)

where 7,77 is the minority carrier lifetime and M; (Vj = 1,
2,..., 10) are different constants that depend on the material
(GaAs for this particular case) properties, particular device de-
sign parameters, wavelength of optical signal, and circuit load
conditions. It is to be noted that these relations are valid un-
der isothermal condition (i.e., the temperature change inside the
device caused by photogeneration is neglected) and under the
assumption that photogeneration does not change the parame-
ters of carrier-transport dynamics (such as mobility, diffusion
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APPENDIX II

AMPLITUDE OF THE HARMONIC COMPONENTS OF THE
FREQUENCY SPECTRUM IN FIG. 6

The trapezoidal waveform in Fig. 6 can be described by the
(A3), as shown at the bottom of this page.

For brevity of the mathematical expressions, the following
quantities are defined:

X =dT + tysepsp  and Y =dT + tyige. pSD + Lrall, PSD-

(A4)

The magnitude of the nth harmonic of f(t) can be obtained
from the complex Fourier coefficient, which is defined by

[An| = lan = jbn| = /a2 + 2 (AS)
where
2 (T ont
ap = T/o f(t) cos (?) dt and
2 (7 onrt
b, = T/o £(t)sin (?) dt. (A6)

Using (A3) to deduce the limits of the integral, (A6) can be
rewritten as

2 /tris(t.PSD t <2n7rt)
a, = = Vi cos dt
T 0 trise,PSD T
X
2nmt
+/ Viy cos <m) dt
lrise.PSD T
Y
t—Y 2nt
+/ Vin (1 - ) cos (mr) dt
X Ltall,PSD T
) trise,PSD t 2nmt
by = = / Vi sin ( > dt
T 0 trise,PSD T

X
2nmt
+/ Viy sin (m> dt
trise,PSD T

coefficient, or Shockley—Read—Hall (SRH) lifetime) or the op- Y t-Y . [ 2nmt
. . . . . + Vi [1— sin | —— | dt|. (A7)
tical properties of the material (such as the optical-absorption X trall,PSD T
coefficient).
t
‘/11177 0 <t< trise,PSD
‘/in; b <t < drT + trise,PSD
f(t) = (A3)
t — (dT + tyise.
Vin (1 - ( e.PSD) , dT 4+ trise, psp < t < dT 4 trise,pSD + trall, PSD
Lrall PSD
0, dT + trise,psD + tran,psp <t < T



MAZUMDER AND SARKAR: OPTICALLY ACTIVATED GATE CONTROL FOR POWER ELECTRONICS

Evaluations of the integrals in (A7) yield the following ex-

pre

a‘TL

ssions for a,, and b,, :
2Viu
= g1 (trise,PSD » thall PSD ) = T
1 .
X 7(C05(ktrisc,PSD) + ktrisc‘PSD Sln(ktrisc,PSD)

thrise,PSD
Y

1
— 1)+ —(sin(kX) — Sin(ktrisC,PSD)) LI —
kttan,psp

k

x (sin(kY) — sin(kX)) — (cos(kY)

k2 tgan psD

— cos(kX) + kY sin(kY) — kX sin(kX)) (A8a)
2V
b = g2 (trise,PSD, trall, PSD) = T
1 .
X Qi(SIH(ktrise.PSD) - ktrise.PSD Cos(ktrise,PSD))
k trise#PSD
1
+ —(cos(ktyise.psp) — cos(kX)) + (cos(kX)
k Etean,psp
—cos(kY)) — — (sin(kY") — sin(kX)
k?ttan,psD
+ kX cos(kX) — kY cos(kY)) (A8b)
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