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Abstract

A quasi-2-level switching T-type topology reduces hard-switching loss compared to half-bridges, but
requires more semiconductor area. This work shows that the middle transistor can be dimensioned smaller
than the high/low-side transistors, which further reduces both the switch node capacitance and switching
loss. The paper also presents a scalable transistor model, which is used in simulations of inductive-
load hard-switching to determine switching losses and reveal a loss-optimal transistor dimensioning.
Furthermore a double pulse setup (600 V-rated GaN HEMTs in a T-type topology) with 2 ground referenced
shunts is proposed to determine switching energy of middle and low side transistors simultaneously. To
verify the concept of loss-optimal transistor dimensioning in Q2L T-type topology, switching energy was
measured at 200V and 1 A, with the middle transistors area reduced by half compared to high/low side,
resulting in a measured reduction from 4.44 uJ to 2.18 uJ (-51%) which is similar to the simulated reduction
(2.39 ud to 1.43 ud, -40%). This method allows reduction of Q2L switching-loss with optimal transistor area
and can be used for a wide range of applications.

1 Introduction Vs,

The increasing environmental demands to reduce Hl lLL
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have prompted a global focus on enhancing the GHIL Ik

efficiency and power density of electrical energy /SH M \/SS " Vsw
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ficiency in power electronics is the reduction of , [:E E L j ' Cod| v/
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half-bridges by the use of Quasi-2-Level (Q2L) I = [J SHL [

switching [2][3]. T-type [4] topologies are currently Rsp,m
in the research focus because they can benefit from  Fig. 1: T-type topology for Q2L switching and energy
emerging monolithic bidirectional GaN switches measurement with two shunts Rgy v and Rsp 1.

[5][6]. The T-type topology can also be used in

a wide range of applications like traction inverters

[7], photovoltaic grid inverters, PFC rectifiers [8]  thys the switching loss. This work investigates
and electrocaloric heat pumps [9][10][11]. how the resulting switching loss depends on the
However, the additionally required semiconductors  migdle-to-outer transistor dimensioning (factor k),
reduce the resource-efficiency of the resulting con-  gyjitched current, and the delay between the Q2L
verter system cgmpared.to 2-level half bridges..The voltage steps. Figure 1 shows the investigated T-
approach of this work is to reduce the semicon-  ype topology (3-level), where the middle level is
ductor dimensioning (area, which is inversely re-  regjized by two discrete common-drain connected
lated to on-state resistance) of the middle tran-  GaN HEMTs. By Q2L switching, first only half
sisltor gompared to thg high/low-side ’Fransistors. of the input voltage is switched through a hard-
This will reduce the switch-node capacitance and  gitching turn-on transition by the middle transistor



M, (see Fig. 2). Then, after a delay time tp, the
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Fig. 2: Time delayed turn on (¢p) of transistors A, and
L with switch node voltage (Vsw), switching
power (Py, Pr,, Py) and energy (Ey, By, Ey) of
transistors with corresponding switching losses
Prossu, PrLoss,L, Prossm, ErossH, ELoss,L
Er0ss,M-

low-side transistor 73, is switched through a hard-
switching turn-on transition. High H and mid M,
transistors are continuously in the off-state during
the investigated switching transitions. The switch-
ing power of low side (P, = Isu1 - Vps1) and
middle (Pv = Isuwm - Vssm) transistors is deter-
mined by using the shunts Rsp 1, and Rsgm. The
switching energy for low- and middle transistor is
defined as E, = fff P dt and By = fttf Py dt
whereby t; and ¢, describe the time span of a full
turn-on transition of transistors L and M; (Vsw
decreases from ~ Vpc to ~0V). Since a tran-
sistor’s output-capacitance related switching loss
is at least proportional to the square of switched
voltage, Q2L switching over two steps will theo-
retically half the minimum switching loss (at low

switched current). Switching power losses are
described by Pross. = Icu1 - Vps,1 (respective
PLOSS7M = ICH7M : VSS,M for middle path) with ICH,L
and Icu,m as channel currents that lead to switch-
ing losses Erosst = [, Possrdt (low-side),

ELOSS,M = fttf PLOSS,M dt (middle path). Calcu-
lations of power (Py)/energy (En)/losses (PrLoss Hs
E1,0ss 1) for high-side transistor are similar to those
of low-side by using Iy, Vps u and Icu u instead of
Isu1, Vps1, and Icn 1. For real setups, the addi-
tional output capacitance of the additional middle
transistors however will add to the switch node ca-
pacitance. Dimensioning of the middle transistor is
a trade-off: A smaller and higher-resistance transis-
tor will reduce the additional capacitance, but also
slow down the switching, and also be ultimately
limited when it cannot carry the current any more.
This work investigates the dimensioning of the ratio

Rpsu/L .
k= e between the on-resistances Rpg 1,
DS,M1/2
of the high/low-side transistors (H, L) and the mid-
dle transistors (M, Ms).

2 Methods

2.1 Simulations

2.1.1 Scalable transistor model

A common problem in determining switching losses
by simulation is the lack of availability of transis-
tors models with variable (scalable) Rps. Often,
simulation models are only available for the transis-
tors that are actually commercially available, and
these only cover a few discrete values of Rpg. In
the following, a way to circumvent this problem is
presented using a scalable transistor model, which
scales the transistor based on an available SPICE
model.

A. Electrical modeling

A 600V GaN HEMT level three (L3) SPICE model
(GaN_LTspice_GS-065-004-1-L_L3V3P1.lib from
GaN Systems) has been modified in LTSpice (see
Fig. 3, inner model) to make it scalable. Package
stray inductances of the inner model were set to
zero for simplification. The basic idea is to use this
available SPICE model (inner model) and build an
outer model around it so that it behaves scalable
at the outer terminals. Scaling takes place with
the aid of current-controlled current sources that
amplify the current of the inner transistor model. For
k = 1 the entire current flows into the inner model



(used for H/L-transistors). Otherwise, current is
delivered (k < 1) or absorbed (k > 1) by the outer
model (used for scaling Rpgii/2)- The turn on
resistor (gate) for high- and low side is set to a
fixed value (15€2). To scale the gate resistance

: . Rga .
of middle transistors Rg = SN used, where

Rc,1 = 150 is the nominal gate resistance for the
unscaled (k = 1) inner transistor model.
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Fig. 3: By factor k scalable transistor model.

B. Thermal modeling

The SPICE model used (see electrical modeling)
also includes a thermal model (based on a Cauer
model). For calculation of the scaled switching
losses, the heat (complementary green current in
Fig. 3) must flow from inner junction 7j; to outer
junction T} and also has to be scaled. To avoid
heat flow from T35, to case T¢; - which would
occur because of the Cauer model - the case and
junction connections are short-circuited in this
work. Thereby, the externally measurable heat flow
(current in the electrical equivalent circuit) from
the T} is equivalent to the instantaneous electrical
power loss of the transistor. This model approach
based on a L3 SPICE model enables direct power
loss simulation and does not require additional
model equations as in [12]. The heat-scaling is
realized similar to the electrical scaling already
described. The output of the outer model is set to
room temperature (25°C) which enables heat flow
from Ty, to Ty. As a result heat is supplied instan-
taneous to Ty (which describes all scaled losses
of the transistor model). At the thermal output
(connector T7) losses are calculated for all transis-
tors (exemplified here for the low-side transistor)
as Pross(electr.) = Progsy(therm.) = It -1V

where the junction temperature Tj equals the
case temperature and all thermal capacities are
deactivated.

2.1.2 Determination of switching losses

To determine the switching losses the scalable tran-
sistor model of previous section was used in T-type
topology (Fig. 1). The inductor was replaced by cur-
rent source. The switching energy E (derived from
the drain-source terminal voltage and drain cur-
rents), which includes the change of stored energy
in the transistor’s parasitic capacitances, and the
actual switching loss Ep,0ss (derived directly from
the thermal output of the transistor as described in
previous chapter) was extracted for each transis-
tor and summed up (Eross = Eross,zH + ELoss,m +
Fross,L)-

Switching losses depend on k, I, and tp. To de-
termine the minimum switching loss a sweep of
tp for I, = 0...2A and fixed k is carried out in
a first step as shown in Fig. 4 (with Vpc = 200V

\% o
and V1 = %C = 100 V). Lowest switching losses

in the range of I, = 0...2 A can be identified for
tp ~ 5...10ns. High switching losses can be ob-
served in 2L operation (tp < 0). Furthermore a
wide range of tp for optimal switching losses can
be observed, which reduces slightly with increase-
ment of I, (for £ = 0.5). Increasement of losses
for high switching delay is caused by conduction
losses in the middle path.
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Fig. 4: Simulated turn-on switching losses at Vpc =
200V for middle-to-outer transistor ratio £ = 0.5
and different delay time tp

Figure 5 shows the simulated hard-switching turn-
on energy loss FErosg for different £ = 0...1.5,
with step width of 0.01 and different switched in-
ductor currents between 0 A and 2 A, at 200V and
tp = 10ns. Here, k = 0 is used to simulate a con-
ventional 2-level half-bridge as reference (middle



branch removed). For k£ = 0.5 (which was real-
ized as hardware-design), and 1 A, the simulated
switching loss was reduced from 3.73 uJ to 2.51 pJ,
which is a reduction by -33%. Maximum of switch-
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Fig. 5: Simulated turn-on switching losses at 200V for
different middle-to-outer transistor ratios £ and a
fixed delay tp = 10ns

ing loss reduction for a given current I, =0...2A
and switching delay tp = 10ns with correspond-
ing optimal transistor ratio k is shown in Fig. 6. At
low currents, switching loss reduction is most pro-
nounced. Minimum switching loss Er,ossmin for
given I, and tp depends on k whereby the optimal
ratio k£ (k > 0) increases with Iy..
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Fig. 6: Maximum switching loss reduction and corre-
sponding optimal transistor ratio k£ at 200 V with
Q2L compared to 2L for tp = 10ns

Switching losses in Q2L are not for all ratios & lower
than in 2L-configuration. This method not only
allows to find Epossmin for Q2L depening on I,
and £, it also allows to find the transition Er,0ss rim
where Q2L exhibits lower switching losses com-
pared to 2L and vice versa (see Fig. 5).

2.2 Measurements

A double pulse setup [13] using 600V class GaN
transistors was built (see Fig. 7). Due to the limited
availability of GaN transistors, the ratio £ = 0.5 was
experimentally implemented and differs from the

theoretical optimal values which was in the range
of £k = 0.1...0.35. Therefore, two transistor devices
with different on-resistance were selected: GS-065-
004-1-L (450 m$2), and GS-065-008-1-L (225 m{2).
A standard gate driver circuit (also with scaled gate
on resistors Rgn = 30Q Rg i, = 15Q) and a
100 pH inductive load was used. It should be men-
tioned that due to availability the middle transistors
were also 600V devices, even though 300 V-rated
devices would be sufficient. Also, the 200V oper-
ation is below the typical 400 V operation voltage
of 600V transistors. Due to limitations of the used
equipment and observed false turn-on of transistors
at higher operation voltage, this work carries out all
measurements at 200 V.

GND
Vbe 2 Ve

Fig. 7: Photo of the T-type power converter with two
shunts RSH,M and RSH,L

One common problem of non-isolated high band-
width current measurement in this topology is si-
multaneously measurement of mid- and low side
current, which is necessary for precise switching
energy calculation. If the shunt Rsy v is placed in
middle path, no common ground could be used in



non-isolating measurement. To solve this problem
Rsy v was placed as shown in Fig. 1 at the GND
node instead of the middle DC voltage. in PCB
layout. For high bandwidth current measurement,
two coaxial shunts (T&M Research SSDN, 100 m{2,
bandwidth 2 GHz) were used. Both are connected
by 2m coax cables (deskewed) to a 1 GHz oscillo-
scope, which also measures Vsw, Va1 and I,. For
voltage measurements 1 GHz passive probes and a
1 GHz oscilloscope was used. The measurements
were carried out at 200 V.

Figure 8 exemplary shows the measured switching
transitions (Q2L, 1 A, 200V, 10 ns), and the calcu-
lated instantaneous powers from both shunts, from
which then the summed energy is calculated after
integration. Figure 8 clearly shows how the time-
delayed switching of the M and L transistors results
in a 2-step discharging of the switch-node, where
during the first step energy is dissipated in the mid-
dle transistor (visible as Py, related to Isy ) and
during the second step energy is dissipated in the
low side transistor (visible as P, related to sy 1,).
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Fig. 8: Measurement results for Q2L at 200V, 1A, tq =
10ns, k = 0.5

2.3 Validation

In this section, the switching energy Fon and not
the switching loss Eross is shown and discussed,
because in the double pulse test only the switch-
ing energy can be directly measured. Figure 9
compares the experimentally measured switching
energy and the simulated energy as a function of
current, and for both, the conventional 2L switch-
ing, and the Q2L switching. The switching energy
Eon includes the switching energy of low-side and
mid-transistors (Eon = FEr, + En) which can be
measured by using the 2 grounded shunts. Exem-

plarily for I, = 1 A the switching energy results in
a reduction from 4.44 pJ to 2.18 pd (-51%) for mea-
surement and from 2.39 pd to 1.43 pd for simulation
(-40%, simulated with scaled transistor model in
Q2L-T-type topology). The higher switching energy
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Fig. 9: Simulated and measured switching energy of 2L
(k =0) and Q2L (k = 0.5) for tp = 10ns

during 2L measurements (compared to simulations)
is partly due to parasitic inductances, which are
less effective at Q2L switching, and were not in-
cluded in simulations. For 2L the switching node
was not physically disconnected from middle path;
instead the shunt Rgy v was removed. This could
lead to additional parasitic capacitance and higher
switching energy in measurement. Another influ-
encing factor is uncertainty in deskew which also
could lead to errors in reported switching energy.
Nevertheless the basic idea of minimizing switch-
ing losses by different transistor ratio area (k) for
different I1, has been proven.

3 Conclusion

Quasi-2-level switching T-type topology can be
used to reduce hard switching losses compared
to 2-level half bridges. This work demonstrated a
method to find the optimal middle-to-outer transis-
tor ratio to minimize the switching losses. Using
this work’s approach, a T-type topology for Q2L
switching can not only be made more energy effi-
cient (less switching loss), but at the same time also
more resource efficient (less semiconductor area).
The method also can be used to analyze the range
of k£ in which Q2L switching has lower switching
loss compared to 2L switching. For non-isolated si-
multaneously current measurement of the low-side
and middle transistor currents, two high bandwidth
coaxial shunts were used and placed in a GND-
referenced configuration.

In future works switching losses at higher switching



voltage (> 400 V) should be investigated. For anal-
ysis of the deviation between measurement and
simulation the 2-level half bridge should be phys-
ically disconnected from Q2L mid path avoiding
influences due to parasitic capacitance (at switch-
ing node). Furthermore parasitic inductance should
be further minimized in PCB or should be taken into
account also in the simulation in order to achieve
a better agreement between simulation and mea-
surement. Emerging monolithic bidirectional GaN
switches should also be investigated and used in
the middle path of the T-type topology with Q2L
switching to improve the resource efficiency. The re-
sults (optimal transistor dimensioning) should also
be used to demonstrate its advantages in case of
an actual application.
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