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ABSTRACT SiC MOSFETs are suited for several power electronic converters as they reduce loss, increase
efficiency, withstand high temperatures and switch faster. SiC MOSFETs are 2-quadrant switches as they
can block voltage of only one polarity. Many power converters require 4-quadrant switches, obtained
by connecting two 2-quadrant switches. However, the present literature mostly examines the 2-quadrant
operation of SiC MOSFETs apart from commercially unavailable monolithic 4-quadrant SiC MOSFETs.
This paper, therefore, studies 4-quadrant switches based on SiCMOSFETs. It investigates in detail and finds
the dominating devices for turn ON/OFF time and the trends of turn ON/ OFF time with respect to switch
current for each quadrant. The paper further compares the maximum turn ON/OFF time of a 2-quadrant
switch and a 4-quadrant switch. It also studies the effect of gate resistances on the turn ON/OFF time of the
switch. The research is performed with the help of analysis, simulation, and experiment. The reasons behind
the trends observed in the four quadrants are also analyzed. The paper finally summarizes the important
observations about the turn ON/OFF time for SiC MOSFET based 4-quadrant switch.

INDEX TERMS 2-quadrant switch, 4-quadrant switch, matrix converter, SiC MOSFET, turn ON/OFF time.

I. INTRODUCTION
The switching characteristics of SiC MOSFETs suggest
faster switching and lower switching loss [1]. The ON state
characteristics suggest high current carrying capability, low
conduction loss, and high junction temperature withstand-
ing capability [2], [3], [4], [5]. Pertaining to the above
advantageous features, SiC MOSFETs are best suited for
power electronic converters as these reduce loss in con-
verters and thus increase efficiency [6]. These also reduce
filtering requirements for converters because the switching
frequency increases compared to Si IGBTs at high voltage
and current [7]. Further, for the same power rating, there is
a reduction in the converter size [8]. Therefore, SiC MOS-
FETs are finding applications in high power density matrix
converters [9], frequency converters in wind turbines [7],
boost converters for fuel cell applications [6], and battery
chargers in electric vehicles [8]. While SiC JFETs, IGBTs,
and BJTs are also available, SiCMOSFETs are preferred due
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FIGURE 1. (a) Conducting and blocking device in MOSFET as a 2-quadrant
switch. (b) Conducting and blocking devices in MOSFET based 4-quadrant
switch.

to advantages like normally-off operation, low turn-off loss
due to lack of tail current, low on-state loss, and low gate
charge [10], [11].

A 4-quadrant switch blocks negative as well as positive
voltage and also allows current in either direction [12]. There-
fore, it is also called a bidirectional switch and ismost suitable
for converters dealing with alternating current and voltage.
Hence, the applications of 4-quadrant switches are AC-AC
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converters like matrix converters, cycloconverters, Vienna
rectifiers, and single-stage solid-state transformers [13], [14].
Although Si-based [15], GaN-based [13], and SiC-based [16]
monolithic 4-quadrant switches are present in the literature
but are difficult to find commercially. Therefore, 4-quadrant
switches are realisable using discrete 2-quadrant switches like
Si IGBTs [17], SiC MOSFETs [14], [18], or SiC JFETs [19]
and power diodes, if necessary. Given SiC MOSFETs have
significant advantages over other devices, they are preferred
for a 4-quadrant switch. The common-source configuration
for the 4-quadrant switch is selected in this paper. The 4-
quadrant switch based on reverse-blocking SiC MOSFETs
shows more promising results than the common-source con-
nection of conventional SiC MOSFETs [18], but these are
commercially unavailable. Moreover, the common-source
configuration has several benefits, which include independent
control of current direction, reduced conduction losses, the
applicability of body diodes of theMOSFETs, and the control
of both MOSFETs from single isolated power supply [12].

Fig. 1(a) shows the conducting and blocking device of
SiC MOSFET based 2-quadrant switch in first and second
quadrants. In first quadrant, the current, i2QS , flows through
MOSFET S and the voltage, v2QS , is blocked by it. In second
quadrant, i2QS flows through the body diode of S in the oppo-
site direction and the polarity of voltage remaining the same
is blocked by S . When two SiC MOSFETs are connected to
form a 4-quadrant switch, several conditions arise which do
not exist in the simple 2-quadrant operation of SiCMOSFET.
The two SiCMOSFETs are subject to four different quadrants
where both voltages and currents can be positive or negative.
Further, the conducting and blocking devices of a particular
quadrant are not the same. The conducting and blocking
devices of SiC MOSFET based 4-quadrant switch in all four
quadrants are shown in Fig. 1(b). In first quadrant MOSFET
S1 and body diode D2 conduct the switch current, i4QS , and
the voltage, v4QS , is blocked by MOSFET S1. Whereas in
second quadrant, MOSFET S2 and body diode D1 conduct
due to reversal of i4QS and v4QS is blocked by MOSFET S1.
In third quadrant MOSFET S2 and body diode D1 conduct
i4QS and due to reversal of v4QS the voltage is blocked by
MOSFET S2. Lastly, in fourth quadrant MOSFET S1 and
body diode D2 conduct i4QS and MOSFET S2 blocks v4QS .
Also, the switching of a 4-quadrant switch involves the turn
ON and turn OFF of two devices whereas there is only one
device involved in the switching of 2-quadrant switch.

The existing literaturemainly studies the 2-quadrant opera-
tion of SiCMOSFETs in detail. The authors in [1] have shown
that increasing gate resistance of SiC MOSFET reduces the
device voltage and current resonances and spikes, gate driver
noise, cross talk, and EMI but lowers the switching speed and
increases the switching loss. But they have not investigated
the effect of gate resistances on the switching characteris-
tics of SiC MOSFET based 4-quadrant switch. In common
source configuration, [20] shows the switching characteris-
tics of the 4-quadrant switch by performing a double pulse
test. But characteristics under several operating conditions

are missing. In [14], the forward and reverse conduction,
switching characteristics of SiC MOSFET of the 4-quadrant
switch, and voltage overshoot and oscillations due to para-
sitic inductances are shown. The authors in [21] also focus
on the effect of common-source inductance on the voltage
overshoot and oscillations of 4-quadrant switches, but none
have analysed and shown the trends of turn ON and OFF
times of the 4-quadrant switch. The turn ON/OFF times of
the 4-quadrant switch are vital because these determine the
maximum switching frequency of direct AC-AC matrix con-
verters [22]. Although SiCMOSFETs have very low turn ON
and OFF times when connected and operated as a 4-quadrant
switch, then the turn ON and OFF times of the 4-quadrant
switch may not match the speed of discrete SiC MOSFETs.
Therefore, this paper presents the devices affecting the turn
ON/OFF time of the 4-quadrant switch in each quadrant,
trends of turn ON/OFF time in all four quadrants with respect
to switch current, and themaximum turn ON/OFF timewhich
shows that the switching frequency of the 4-quadrant switch
reduces compared to 2-quadrant switch.

The objective of this paper is to study how the turn
ON/OFF time gets affected due to the additional operating
conditions when SiC MOSFETs are connected to form a 4-
quadrant switch. Hence, in this study, SiC MOSFETs are not
operated at the voltage and current limits specified in the
datasheet. The voltages chosen are based on lab regulations
on the limit of voltage and currents, capacity of equipment
available in the lab, and margin kept for the safe operation
of SiC MOSFETs. Hence the contributions of the paper are
detailed.

1) The research provides a detailed study of switching
of SiC MOSFET based 4-quadrant switch in all four
quadrants, which are missing in the literature. It is
performed with the help of analysis, simulations and
experiments by developing a test circuit. The analysis
is done with the approximate switching waveforms of
the MOSFETs.

2) The analysis highlights the dominating devices of each
quadrant, which determine the turnON/OFF time of the
4-quadrant switch. The analysis is done on a 4-quadrant
switch converter leg of a 2× 1 matrix converter.

3) The research helps establish simulation and experimen-
tal trends of turn ON/OFF time with respect to switch
current in all quadrants. The trends are helpful in find-
ing out the maximum switching frequency while con-
sidering the load current for the 4-quadrant switch. The
reasons for different trends are: (a) The turn ON/OFF
time in first and third quadrants are decided by only one
MOSFET of the switch. (b) The turn ON/OFF time in
second and fourth quadrants also depend on the turn
ON/OFF time of the MOSFET of the complementary
switch.

4) The research also helps establish from experimental
results that there is a reduction in switching frequency
for the SiC MOSFET based 4-quadrant switch as
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FIGURE 2. (a) A converter leg with 2-quadrant switch. (b) MOSFET SA
conducts the load current iL before dead time. (c) Both SA and the body
diode of SB conduct during dead time. (c) The body diode of SB conducts
after dead time. (e) A converter leg with 4-quadrant switches. (f) MOSFET
SA1 and the body diode of SA2 carry the positive load current iL.
(g) SA1, body diode of SA2, SB1, and body diode of SB2 conducts
simultaneously during current commutation from SA to SB. (h) MOSFET
SB1 and the body diode of SB2 carry the positive load current iL.

compared to SiC MOSFET based 2-quadrant switch.
This is deduced from the maximum turn ON/OFF
time comparison of the switches in first and second
quadrants.

5) This research also provides the experimental study of
the effect of gate resistances on the turn ON/OFF time
of the 4-quadrant switch. It shows that only the gate
resistances of the dominating devices affect the turn
ON/OFF time of the 4-quadrant switch. It is proved
by using unequal gate resistances for the 4-quadrant
switch.

This paper is organised as: Section II presents the charac-
teristics of SiCMOSFET based 4-quadrant switch and factors
affecting them. Section III describes the LTSpice simulation
for turn ON/OFF of 4-quadrant switch. Section IV details the
experimental verification, and Section V concludes the paper.

II. 2-QUADRANT VERSUS 4-QUADRANT SWITCH
OPERATION
A 2-quadrant switch converter leg is shown in Fig. 2(a), with
MOSFETs SA and SB . The voltage across the leg is Vd , and
the load current is iL. In this leg, the current conduction and
the voltage blocking occur in one device. Fig. 2(b) shows
that for positive iL, SA conducts if SB blocks the voltage.
In Fig. 2(d), the body diode of SB conducts and SA blocks
the voltage. Similarly, for negative iL, SB conducts if SA
blocks the voltage and the body diode of SA conducts if SB
blocks the voltage. This implies that the current flows through
SA, SB , or the body diodes of the MOSFETs, and SA or SB

FIGURE 3. (a) A 2× 1 direct matrix converter with 4-quadrant switches.
(b) Gate drive circuit for a 4-quadrant switch. (c) Four step commutation.
(d) Two step commutation.

blocks the voltage. Moreover, the current commutation from
SA to SB involves dead time to avoid short circuit of the
power supply. During the dead time, a part of iL freewheels
through the body diode of SB because SA starts turning OFF.
The turn OFF time of SA decides this dead time. The current
commutation thus involves two devices- MOSFET and the
body diode and the turn OFF of SA is independent of SB .
When SA turns ON, it dominates the turn ON process because
the rate of fall of current in the body diode of SB is decided
by the rate of rise of current in SA. Hence the turn ON/OFF
time of SA is independent of SB .

In Fig. 2(e), a converter leg with 4-quadrant switches is
shown. In this converter leg, the current conduction happens
in two devices and voltage blocking by one device. For exam-
ple, in the case of positive load current iL, the current through
the 4-quadrant switch SA flows via SA1 and the body diode
of SA2 and the voltage is blocked by SB1 in Fig. 2(f). Another
example is shown in Fig. 2(h), where SB1 and the body diode
of SB2 conduct and SA1 blocks the voltage. As a result, the
current commutation involves four devices: SA1, the body
diode of SA2, SB1, and the body diode of SB2, Fig. 2(g).
Also, the 4-quadrant switch is subjected to operate in four
quadrants. This forces the conducting and blocking devices
to change according to the quadrant. Therefore, the analysis
of the turn ON/OFF of 2-quadrant switch is not valid for
turn ON/OFF of the 4-quadrant switch and requires separate
analysis. The turn ON/OFF analysis of the 4-quadrant switch
is, therefore presented in Section III.

III. TURN ON AND OFF OF SiC MOSFET BASED
4-QUADRANT SWITCH
The turn ON and OFF of SiC MOSFET based 4-quadrant
switch are explained in this section with the help of a matrix
converter. For a more straightforward explanation, the basic
2× 1 matrix converter is chosen.
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FIGURE 4. Turn ON/OFF switching diagram of 4-quadrant switch.

A. DIRECT AC–AC MATRIX CONVERTER
The 2× 1 matrix converter is shown in Fig. 3(a) with two 4-
quadrant switches, SA and SB , connected to AC sources, va
and vb and current, iL is through load RL. Further, there are
two types of commutation processes for 4-quadrant switches
in direct AC-AC converters - four step and two step [12].
In a conducting 4-quadrant switch, bothMOSFETs are turned
ON in four step commutation, as shown in Fig. 3(c), whereas
only one MOSFET is turned ON in two step commutation,
as presented in Fig. 3(d), assuming current commutates from
SA to SB for positive current, iL. The current commutation
occurs in second or third step of four step commutation but
current commutation occurs in first or second step of two
step commutation. Therefore, the turn ON and OFF times
of the 4-quadrant switch are decided in the above mentioned
critical steps. The approximate switching waveforms during
the critical steps are detailed further and the turn ON and
OFF times of the 4-quadrant switch are established in all four
quadrants.

B. TOTAL TURN ON/OFF TIMES IN FOUR QUADRANTS
When a SiC MOSFET is used as a 2-quadrant switch, the
turn ON/OFF times are decided based on the turn ON/OFF
of either the MOSFET or its body diode depending on the
direction of the current and the gating of the MOSFET. How-
ever, the total turn ON and turn OFF times in a 4-quadrant
switch are decided based on the turn ON/OFF of the con-
ducting MOSFET, the series connected body diode, and the
complementary 4-quadrant switch. In the literature, the total
turn ON/OFF characteristics in different quadrants for the
4-quadrant switch based on SiC MOSFETs are missing and
is studied in detail in this paper.

Fig. 4 presents the analysis of turn ON/OFF of the
4-quadrant switch in all the quadrants. In Fig. 4, the
MOSFETs shaded in green and the series connected body

diodes of the non-conducting MOSFETs conduct during the
ON state. The current conduction path of the 4-quadrant
switch is highlighted in red. The MOSFET, which blocks the
voltage, is shaded in pink. The current in 4-quadrant switch
SA and SB are i4QS,A and i4QS,B , respectively. Similarly, the
voltage across the switch SA and SB are v4QS,A and v4QS,B ,
respectively. The turn ON/OFF of SA and SB are described
below.

1) FIRST- SA ON, FOURTH- SB OFF
In Fig. 4(a),(b) the load current iL is positive and hence
i4QS,A and i4QS,B are also positive. For the analysis of turn
ON/OFF, vA > vB is assumed which makes v4QS,A positive
and v4QS,B negative. Therefore, SA operates in first quadrant,
and SB operates in fourth quadrant. Here, all the MOSFETs
are considered identical. The Fig. 4(a) shows that SA1 and
body diode of SA2 conduct i4QS,A in the ON state of SA and
body diode of SB2 blocks v4QS,B in the OFF state of SB . The
turn ON of SA in first quadrant and turn OFF of SB in fourth
quadrant are shown in the switching diagram of Fig. 4(a).
The gate-source voltage, vGS,A1, of SA1, is brought up, and
the current i4QS,A starts rising after a current delay time, tdi ,
and attain its steady state after current rise time, tri . During
this interval, i4QS,B starts falling and reaches zero. During
voltage fall time, tfv , v4QS,A and v4QS,B attain their steady
states. The time taken for SA to turn ON, tON ,A = tA1 =
tdi + tri + tfv and the current commutation occurs. After
tA1 interval, the gate-source voltage of SB1, vGS,B1, goes
down in time tB1 for complete turn OFF of SB . There is an
absence of voltage rise in SB1, which eliminates the plateau
voltage in vGS,B1. Hence the time taken for SB to turn OFF,
tOFF,B = tON ,A + tB1. From the analysis, it is evident that
the turning ON of SA involves SA1 only because the body
diode of SA2 is always ON in first quadrant. Moreover, the
turn OFF of SB in fourth quadrant is dependent on the turn
ON of SA because of the favourable circuit condition for the
conduction of SA.

2) FIRST- SA OFF, FOURTH- SB ON
The blocking device for SA isMOSFET SA1 in first quadrant,
and the conducting devices for SB are MOSFET SB1 and the
body diode of SB2 in fourth quadrant, shown in Fig. 4(b). The
switching waveforms are shown in Fig. 4(b). Here, vGS,B1
goes high in time tB1. There is an absence of plateau volt-
age in vGS,B1 because there is no change in voltage across
SB1. Further, vGS,A1 goes low and v4QS,A starts rising after
voltage delay time, tdv , and reaches its steady state in voltage
rise time, trv . The current i4QS,A falls in current fall time,
tfi . Therefore, the time taken for SA to turn OFF, tOFF,A =
tA1 = tdv+trv+tfi . During tOFF,A, v4QS,B falls and i4QS,B
rises to their respective steady states. Hence, the turn ON time
for SB , tON ,B = tB1 + ttOFF,A . During the turn OFF of SA,
the body diode of SA2 does not turn OFF.

3) SECOND- SA OFF, THIRD- SB ON
The turn ON of SB in third quadrant and turn OFF of SA in
second quadrant when iL is negative is shown in Fig. 4(c).
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The conducting devices of SB are MOSFET SB1 and the
body diode of SB and the blocking device of SA is MOSFET
SA1. The load current iL is negative, and hence i4QS,B is also
negative and vA > vB . The switching waveforms are shown
in Fig. 4(c). Here, vGS,B2 is brought up, and current i4QS,B
starts rising in the negative direction after time tdi and reaches
its steady state in tri . The complete fall of v4QS,B occurs
in tfv interval. Therefore, the time taken for SB to turn ON,
tON ,B = tB2 = tdi + tri + tfv . The current i4QS,A falls and
the voltage v4QS,A rises in time tB2. In the next step, vGS,A2
goes down in tA2 time for complete turn OFF of SA. The time
taken for SA to turn OFF, tOFF,A = tON ,B+ tA2. The actual
switching of current and voltage occurs during tON ,B and
turning ON of SB involves SB2 only because the body diode
of SB1 is always ON in third quadrant. The turn OFF of SA in
second quadrant is dependent on the turn ON of SB because
of the favourable circuit condition for conduction of SB .

4) SECOND- SA ON, THIRD- SB OFF
Fig. 4(d) highlights that theMOSFET SA2 and the body diode
of SA1 conducts in second quadrant of SA. The blocking
device for SB in third quadrant is SB2. Fig. 4(d) describes the
switchingwaveforms of turnONofSA in the second quadrant
and turn OFF of SB in the third quadrant. Here, vGS,A2 goes
high in tA2 interval. In the next step, vGS,B2 goes low in tB2.
During this interval, the voltage, v4QS,B , starts rising after
a delay time of tdv and attains its steady state after a period
of trv . The current, i4QS,B , falls to zero in the interval tfi .
Further, there is simultaneous fall in voltage, v4QS,A, during
trv and rise in current, i4QS,A, in the interval tfi . The time
taken for SB to turn OFF, tOFF,B = tB2 = tdv + trv + tfi .
Also, the turn ON time for SA, tON ,A = tA2 + ttOFF,B . The
body diode of SB1 does not turn OFF.
When vA < vB , then SA operates in third and fourth quad-

rants, and SB operates in first and second quadrants according
to the load current direction but switching characteristics
remain similar to the characteristics explained above. Con-
sidering the operation of SA in all four quadrants and from
the above analysis, the quadrant-wise dominating devices of
the converter leg for turn ON/OFF time of SA is shown in
Fig. 5. In first quadrant, SA1 decides the turn ON/OFF time
of SA, whereas SA2 decides the turn ON/OFF time in third
quadrant. In second quadrant, SA2 and SB2 decide the the
turn ON/OFF time of SA and in fourth quadrant SA1 and SB1
decide the turn ON/OFF time.

C. EFFECT OF GATE RESISTANCE ON SWITCHING
CHARACTERISTICS
The gate drive circuit for the 4-quadrant switch is shown in
Fig. 3(b). The gate drive power supplies for S1 and S2 are
vGG1 and vGG2, respectively. The gate resistances for S1 and
S2 are RG1 and RG2, respectively. The choice of gate resis-
tance values plays an important role in the turn ON/OFF of
the 4-quadrant switch. The gate resistances of the same or
different values can also be used for the two SiC MOSFETs
of the switch, which verify the dominating devices for turn

FIGURE 5. Quadrant wise dominating devices which determine the turn
ON/OFF time of SA.

ON/OFF time. These effects, which are missing in the litera-
ture, are studied in detail.

From the above analysis of the turn ON/OFF time of the
4-quadrant switch considering switch SA in first quadrant.
The turn ON/OFF process of SA depends on the turn ON/OFF
of SA1 only. Therefore, only the gate resistance of SA1 affects
the turn ON/OFF of SA. Similarly, in third quadrant, the gate
resistance of SA2 alone affects the turn ON/OFF time of SA.
In second quadrant, the gate resistance of the MOSFET SB2
affects the turn ON/OFF of SB , which in turn affects the turn
ON/OFF ofSA. Further, the gate resistance ofSA2 also affects
the rate of charging or discharging of the input capacitance
of SA2, which adds to the total turn ON/OFF time of SA.
In fourth quadrant, the gate resistances of SB1 and SA1 affect
the turn ON/OFF time of SA. Therefore, the gate resistance
of SA1 affects the turn ON/OFF of SA in first and fourth
quadrants. Further, the gate resistance of SA2 affects the turn
ON/OFF of SA in second and third quadrants.

IV. LTspice SIMULATION FOR TURN ON/OFF OF
4-QUADRANT SWITCH
A. TURN ON/OFF TIME
The test circuit to obtain the switching characteristics of the
4-quadrant switch is shown in Fig. 6. The circuit has two
SiCMOSFET based 4-quadrant switches connected in a half-
bridge. The LTspice model of SiC MOSFET C2M0080120D
is obtained from the manufacturer’s website. VDC is 120 V
and two capacitors divide VDC into two halves. The load Ro
= 2 � and Lo = 5 mH . Load current, io = Îo sinωt + ish ,
is obtained using sinusoidal pulse width modulation (PWM),
where Îo = 20 A, ω = 100 π rad/s, ish is the current ripple
at switching frequency, fs = 20 kHz . The load voltage vo
oscillates between +VDC

2 and −VDC
2 . The simulation wave-

forms of io and vo are shown in Fig. 7. The value of gate
resistances RG1 and RG2 are 15 �. The gate drive power
supplies vGG1 and vGG2 provide +20 V as positive gate
drive voltage and −5 V as negative gate drive voltage for
faster and reliable turn OFF of the MOSFET. Further, the
model of HCPL-3120 gate driver IC is utilised to drive the SiC
MOSFETs. Finally, the study of turn ON/OFF characteristics
of the 4-quadrant switch is performed by operating SA in first
and second quadrants and SB in third and fourth quadrants,
as shown in Fig. 4.
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FIGURE 6. Test circuit for switching characteristics.

FIGURE 7. Simulated load voltage vo and current io. (a) One cycle of load
current io. (b) Magnified vo and io at 20 kHz.

FIGURE 8. First: SA turn ON. Fourth: SB turn OFF.

1) SA TURN ON IN FIRST AND SB TURN OFF IN FOURTH
The LTspice simulation is shown in Fig. 8. The turn ON of SA
starts with the rise of voltage vGS,A1 from−5 V . The current
i4QSA rises beyond the steady state value of+20A because of
the reverse recovery of the body diode of SB2, which is visible
in i4QS,B during the turn OFF of SB . The voltage v4QS,A falls
from+120V to theON state drop of+6V . The turnON time
of SA, tON ,A, is 145 ns. The fall of current i4QS,B and the rise
of voltage v4QS,B is in synchronism with i4QS,A and v4QS,A,
respectively. The voltage vGS,B1 falls in the next step. The
turn OFF time of SB , tOFF,B is 500 ns. The intervals tA1,
tA2, tB1, and tB2 are kept equal to 250 ns in the control signal.
Due to unequal propagation delays in the model of gate driver
from low-high and high-low transitions, the intervals tA1,
tA2, tB1, and tB2 become unequal. Therefore, tA1 > tB1
although the sum of tA1 and tB1 is 500 ns and that becomes
a constant turn OFF time of SB in fourth quadrant for any
i4QS,B .

2) SA TURN OFF IN FIRST AND SB TURN ON IN FOURTH
The simulation is shown in Fig. 9. The voltage vGS,B1 rises
to +20 V and in the next step vGS,A1 falls to −5 V which

FIGURE 9. First: SA turn OFF. Fourth: SB turn ON.

FIGURE 10. Second: SA turn OFF. Third: SB turn ON.

FIGURE 11. Second: SA turn ON. Third: SB turn OFF.

makes the current i4QS,A to fall up to 0 A and the voltage
v4QS,A rise till 120 V . Also, the voltage v4QS,B rises from
−120 V to the ON state drop of +6 V . The current i4QS,B
jumps to +20 A during this period. The turn OFF time for
SA, tON ,A, is 78 ns and the turn ON time for SB is 430 ns.

3) SA TURN OFF IN SECOND AND SB TURN ON IN THIRD
Fig. 10 presents the turn OFF of SA in second quadrant and
the turn ON of SB in third quadrant. The turn ON of SB in
third quadrant is similar to the turn ON of SA in first quadrant.
Also, the turn OFF of SA in second quadrant is similar to the
turn OFF of SB in fourth quadrant. Therefore, the turn ON
time of SB , tON ,B , is 147 ns and the turn OFF time of SA,
tOFF,A, is 500 ns. The currents i4QS,A and i4QS,B is −20 A
during ON state and voltages v4QS,A and v4QS,B is |120| V
during OFF state.

4) SA TURN ON IN SECOND AND SB TURN OFF IN THIRD
The turn ON of SA in second quadrant and the turn OFF of
SB in third quadrant is shown in Fig. 11. The turn OFF of SB
is similar to the turn OFF of SA in first quadrant. This implies
that the turn ON of SA replicates the turn ON of SB in fourth
quadrant. The turn OFF time of SB , tOFF,B is 75 ns and the
turn ON time of SA, tON ,A, is 434 ns.
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FIGURE 12. Simulation results showing (a) turn ON time tON and (b) turn
OFF time tOFF against |i4QS| of a 4-quadrant switch in all four
quadrants.

Fig. 12(a) presents the turn ON time, tON , against cur-
rent, i4QS , of the 4-quadrant switch. In the first and third
quadrants, tON is increasing in nature and lies well within
200 ns at 20 A. However, in the second and fourth quadrants,
tON lies between 400-500 ns. The nature of the curve is
decreasing, which attributes to the turn OFF time, tOFF ,
curve of the complementary switch which operates in the
first and third quadrants, shown in Fig. 12(b). The tOFF
curve monotonously decreases against increasing i4QS . The
voltage v4QS is constant at |120| V . The decline in tOFF
against increasing i4QS is explained further with the help of
the approximate turn OFF process of SiC MOSFET, shown
in Fig. 13.

Fig. 13(a) is a simple test circuit for SiC MOSFET. A con-
stant current, Io, is assumed during the turn OFF of the
MOSFET. The drain current iD is constant at Io before turn
OFF, and VDC provides the power supply. An ideal free-
wheeling diode FD is present to provide a path for Io when
the MOSFET turns OFF. Here, vGG switches from VGG to
zero and the gate current, iG , flows through the gate resis-
tance, RG , at the start of turn OFF. The parasitic capacitances
of theMOSFET are shown, and other parasitics are neglected.
Further, capacitance CGS is assumed constant at 1035 pF
taken from the datasheet of the SiC MOSFET throughout the
turn OFF process. The capacitances CGD and CDS are the
non-linear capacitances which vary with change in the drain-
source voltage, vDS . The voltage, vDS = VDS,ON , during the
ON state. The gate-source voltage, vGS , is at VGG and gate-
drain voltage, vGD , is VGG −VDS,ON , before the turn OFF
initiation. In this explanation, CGD has three parts. A single
value of CGD = 300 pF is taken from the datasheet of the
SiC MOSFET in the ON state. Then a range of non-linear
values of CGD is considered from the datasheet when vDS
varies in the active region from VDS,ON to VDC . In the third
part CGD = 15 pF at vDS = VDC = 120 V . The effect
of CDS on the turn OFF process is neglected for keeping the
explanation simple because its effect on the turn OFF process
is negligible as compared toCGS andCGD [23]. In Fig. 13(b),
at time, t = to, vGS = VGG; vDS = VDS,ON ≈ 0; iD =
Io; and vGG = 0.

For to < t ≤ t1, vDS ≈ 0 and at t = t1, vGS is assumed
constant at Miller voltage, Vmil , shown in Fig. 13(b) and
iD = Io ≈ gm(vGS−Vth)where, gm is the transconductance
of the MOSFET and Vth is the gate-source threshold voltage.
Therefore, the t1 − t0 expression is deduced below.

iG = −
vGS
RG
= CGS

dvGS
dt
+ CGD

dvGD
dt

(1)

FIGURE 13. Turn OFF process of SiC MOSFET.

FIGURE 14. (a)Variation of CGD and CGS versus vDS. (b) Plots of
t10, t21, t32, tOFF versus current Io from the analysis.

vGS = VGGe−(t−to)/(CGS+CGD)RG (2)

t10 = (t1 − t0) = RG(CGS + CGD) ln
gmVGG

Io + gmVth
(3)

For t1 < t ≤ t2, vGS =
Io
gm
+ Vth and is constant and the

necessary equations are shown further.

iG = −CGD
dvDS

dt
= −

(Io/gm)+Vth
RG

(4)

dvDS =
(Io/gm)+Vth

RGCGD
dt (5)

Since CGD is an unknown non-linear function of vDS .
Hence (5) is converted to difference equation and summed
from t = t1 to t2 and vDS = 0 to VDC .

t21 =
n∑
i=1

1ti =
RG

(Io/gm)+Vth

n∑
i=1

CGDi1vDS (6)

For t2 < t ≤ t3, iG = −
vGS
RG
= (CGS + CGD)

dvGS
dt

(7)

Integrating (7) from t = t2 to t3, vGS (t2) = (Io/gm) + Vth
to vGS (t3) = Vth , and t3 − t2 is obtained.

t32 = (t3 − t2) = RG(CGS + CGD) ln (1+
Io

Vthgm
) (8)

Turn OFF time of MOSFET, tOFF = t10 + t21 + t32 (9)

The variation of CGS and CGD with vDS is shown in
Fig. 14(a). Equation (3) is used to plot t10 against Io. In this
calculation, CGD = 300 pF , CGS = 1035 pF , RG =
20 � including the internal gate resistance of 4.6 � of the
MOSFET, gm = 8.1 S , VGG = 20 V , and Vth = 2.6 V .
Further, (6) is used to plot t21, where CGD is non-linear.
Therefore, sufficient number of values of CGD is taken from
the CGD versus vDS curve with 1vDS = 5 V . The curve
of t32 is traced using (8) where CGD = 15 pF . Finally,
the curve of tOFF is traced using (9). The tOFF plot shows
a decreasing trend against increasing Io, which matches the
simulation trend of Fig. 12(b).
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FIGURE 15. Test bench for the characteristics of 4-quadrant switch.

FIGURE 16. Turn ON and OFF characteristics.

V. EXPERIMENTAL VERIFICATION
The test bench for finding the characteristics of the
4-quadrant switch is shown in Fig. 15. It consists of a power
board, a sensing board, an FPGA board, a resistive load,
an inductive load, and two electrolytic capacitors. The power
board contains SiC MOSFETs connected in common-source
configuration to create 4-quadrant switches. The voltage and
current ratings of the SiC MOSFET are 1200 V and 36 A,
respectively.

A. TURN ON/OFF TIME
This subsection presents the experimental results and trends
for turn ON/OFF times in all four quadrants. Fig. 16 shows
the turn ON of SA in the first quadrant and the turn OFF of
SB in the fourth quadrant. The gate-source voltage, vGS,A1,
rises from −5 V to +20 V , v4QS,A falls from +120 V
to +5 V and i4QS,A rises to +15 A in tON ,A = 108 ns.

TABLE 1. Maximum turn ON/OFF time for 4-quadrant switch in all four
quadrants.

TABLE 2. Maximum turn ON/OFF time for 2-quadrant switch.

FIGURE 17. Plots of tON and tOFF in all four quadrants. (a) tON versus
|i4QS|. (b) tOFF versus |i4QS|.

vGS,B1 starts falling from +20 V towards −5 V after a
delay of approximately 110 ns. The turn OFF time of SB
is, tOFF,B = 350 ns. Fig. 16(b) presents the turn OFF of
SA in the first quadrant and turn ON of SB in the fourth
quadrant. The turn OFF time of SA, tOFF,A = 154 ns, and
the turn ON time of SB , tON ,B = 410 ns. The intervals
tA1 = tA2 = tB1 = tB2 = 250 ns.
The tON and tOFF versus |i4QS | plots for all four quadrants

obtained using the experiments are shown in Fig. 17(a) and
Fig. 17(b), respectively. In first and third quadrants, tON
increases from approximately 100 ns to 250 ns as |i4QS |
increases from 5-20 A. Whereas, in the second and fourth
quadrants, tON decreases from 420 ns to 380 ns as i4QS
increases from 5-20A. tOFF decreases from 200 ns to 100 ns
against increasing |i4QS |, for first and third quadrants. tOFF
in second and fourth quadrants are constant at 350 ns. The
experimental trends exactly match with simulation trends
though the values do not exactly match due to factors like
unknown circuit parasitics and the approximate nature of
LTSpice models. The reasons for these trends are already
detailed in Section III.

Table 1 shows the dominating devices of each quadrant and
the maximum turn ON/OFF time of the corresponding quad-
rant from the obtained experimental results. The maximum
tON and tOFF in the first and second quadrants are 250ns and
200 ns, respectively. In the second and fourth quadrants, the
maximum tON and tOFF are 420 ns and 350 ns, respectively.
The maximum tON and tOFF of the 2-quadrant switch in the
first quadrant are 250 ns and 200 ns, respectively, as shown
in Table 2, are equal to 4-quadrant switch. But in second
quadrant, the maximum tON of the 2-quadrant switch is
200 ns, which is 47% of the 4-quadrant switch. Also, tOFF of
the 2-quadrant switch is 250 ns and is 71% of the 4-quadrant
switch. Therefore, a clear increase in tON and tOFF are seen
in the 4-quadrant switch compared 2-quadrant switch.
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FIGURE 18. tON versus |i4QS|: (a) First (b) Second (c) Third (d) Fourth.
tOFF versus |i4QS|: (e) First (f) Second (g) Third (h) Fourth.

B. EFFECT OF GATE RESISTANCE
To show the effects of gate resistances on turn ON/OFF of the
4-quadrant switch, tON and tOFF against |i4QS | are plotted
for all quadrants in Fig. 18. The plots consider 15 and 150 �
of gate resistances. Since the 4-quadrant switch has two SiC
MOSFETs, so the gate resistances for both the MOSFETs
are kept equal in the first case and in the second case, these
resistances are unequal. The 4-quadrant switches SA and SB
have simultaneous variations in gate resistances with similar
values so that both switches remain identical. The turn ON
and turn OFF plots for all the conditions are explained further.

1) ON TURN ON
The graphs in Fig. 18(a)-(d) show the effect of gate resis-
tances on tON of SA. Fig. 18(a) shows the plots in the first
quadrant. tON increases as the gate resistances increase. The
current direction is positive in this case; therefore, RG1 of
SA decides tON , as discussed in Section II, which is evident
from the graphs. The graphs in Fig. 18(b) suggest that tON
increases with an increase in gate resistance in second quad-
rant. In this condition, the current direction is opposite, and
henceRG2 of both SA and SB decide tON . Further, Fig. 18(c)
represents plots for third quadrant and tON increases as the
gate resistances increase, and since the current is negative so
RG2 of only SA decides tON . The graphs in Fig. 18(d) for
fourth quadrant also convey similar trends of increasing tON
and RG1 of both SA and SB determine tON .

2) ON TURN OFF
The graphs in Fig. 18(e)-(h) show the effect of gate resis-
tances on tOFF . Fig. 18(e) shows the plots in first quadrant.
tOFF increases as the gate resistance increases. The cur-
rent direction is positive; therefore, the gate resistance RG1
of SA determines tOFF . The graphs in Fig. 18(f) suggest
that tOFF increases with an increase in gate resistance in
second quadrant. In this condition, the current direction is
opposite, and hence RG2 of SA and SB both decide tOFF .
Further, Fig. 18(g) represents plots in third quadrant and tOFF
increases with an increase in gate resistance. Since current

is negative so RG2 of SA determines tOFF . The graphs in
Fig. 18(h) show trends of increasing tOFF with increasing
RG1 of SA and SB both.

C. OVERALL INFERENCES
The overall inferences from this section are:

• The turn ON time is smaller in first and third quadrants
than in second and fourth quadrants. Also, in first and
third quadrants, the turn ON time is similar and increases
with the current. In comparison, the turn ON time in
second and fourth quadrants is similar but decreases
with the current owing to the turn OFF time of the
complementary 4-quadrant switch.

• The turn OFF time is lower in first and third quadrants
than in second and fourth quadrants. It decreases with an
increase in current in first and third quadrants, whereas
it remains constant with an increase in current in second
and fourth quadrants. The reasons have been discussed
in Section IV.

• The comparison of the maximum turn ON/OFF time
of the 4-quadrant switch and 2-quadrant suggests that
the switching frequency of the 4-quadrant switch gets
reduced due to higher turn ON/OFF time in second
quadrant operation.

• The increase in gate resistance increases the turn
ON/OFF time in all quadrants. In first and third quad-
rants, only the gate resistance of the MOSFET carrying
positive current influences the turn ON/OFF time. But
in second and fourth quadrants, the gate resistances of
the MOSFETs carrying a positive current of both the
4-quadrant switches affect the turn ON/OFF time. Hence
it verifies the dominating devices for turn ON/OFF time
in each quadrant.

VI. CONCLUSION
This paper performs a detailed analytical, simulation, and
experimental investigation on the turn ON/OFF time of SiC
MOSFET based 4-quadrant switch in all four quadrants. The
investigation shows that only one device affects the turn
ON/OFF time in first and third quadrants and two devices
affect the turn ON/OFF time in second and fourth quadrants.
The turn ON time is lesser in first and third quadrants than
in second and fourth quadrants. Also, with an increase in
current, turn ON time increases in first and third quadrants,
whereas it decreases in second and fourth quadrants. The turn
OFF time decreases in first and third quadrants and remains
constant in second and fourth quadrants. The switching fre-
quency of the 4-quadrant switch is higher than the 2-quadrant
switch as themaximum turn ON/OFF time is higher in second
quadrant for the 4-quadrant switch. The experimental results
with unequal gate resistances for the 4-quadrant switch verify
the dominating devices of the respective quadrants. Hence,
the gate resistances of the dominating devices determine the
turn ON/OFF time. Also, the increase in the gate resistances
of the dominating devices increases the turn ON/OFF time.
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