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Abstract: Latching current limiters (LCLSs) are circuits used for
electrical load control on spacecrafts. They provide enhanced over
current protection, improving reliability. LCL classic
implementations are based on the use P-MOSFETS as the main
current limiting device. However, new wide bandgap materials
(WBG) offer the possibility to operate at higher voltages and,
allegedly higher temperatures. Therefore, it exists the possibility
to design an LCL architecture based on a SiC N-MOS device. In
order to control the LCL and to adapt its working behaviour to a
different N-MOS, the most important stages are the analog isolator
(DCX) which is the one that controls the gate-source voltage level
of the N-MOS, and the current control loop in charge of react if
the sensed current is higher or not regarding the current reference.
This way, this work presents a guideline for the design of the DCX
and the current control loop stages. Finally, some experimental
results for a class 10 LCL, following the proposed designs, for a
bus voltage of 100 V will be shown.

Keywords: LCL, SiC N-MOS, wide bandgap devices, current
protection.

. INTRODUCTION

The solid state current limiting switches are used in satellites
to achieve power distribution in a safe way. In the European
context these switches are called latching current limiters
(LCLs), and its main function is to protect the main power bus
against overcurrent on the spacecrafts. Considering a simplified
satellite scheme, as the one described on Fig. 1, the LCLs are in
the distribution system, just between the main power bus and
the secondary power system.

LCLs can be considered as “intelligent fuses” or “intelligent
switches”. In normal operation, the LCL allows the current
demanded by a load to flow if this current is lower than a
preestablished limit. If the current demanded is higher than this
limit, the LCL regulates the current according to the
preestablished limit during a specific time (i.e. trip-off time). If
during this time the current does not go below this limit, the
LCL will isolate the load. This load could be reconnected in the
future by telecommand.

Traditional LCL architectures are based on P-MOSFETSs
working as the main limiter devices, due to its easiness to
control them. If the source terminal is connected to the main
bus, it is only necessary to use a lower voltage level on the gate.
The voltage ranges for high power busses are about 100 V and
120 V. However, these P-MOS devices present higher values
for the channel resistance (Ron). This way, for higher powers
demanded by the loads, the conduction losses of these
semiconductors increase as well. This way, in order to achieved
higher efficiencies it will be necessary to replace the P-MOS
devices for N-MOS devices, which in general present lower Ron
values.
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Fig. 1. Regulated power bus system on a satellite

In a N-based LCL architecture, the drain of the N-MOS will
be connected to the bus, and the source will be connected to the
load side.

The main problem using N-MOS devices is that to control
them it is necessary that the gate voltage level has to be higher
that the source voltage one. This way, it is necessary to have
some stage to transfer this control signal referred to the N-MOS
source terminal. With the development of the WBG materials,
specially, silicon carbide (SiC) and gallium nitride (GaN), it is
possible to have transistors based on these materials working at
higher voltages and, allegedly, higher temperatures, reducing
this way, the possible failure due to high junction temperature.

In the same way, some works in literature [1] and [2] present
SiC N-MOS based LCLs where some design aspects are
highlighted. For example, the semiconductors selection, the
control stage, the auxiliary power supply, etc. The aim of this
work is to present the analysis and results of the analog isolator
stage (DCX) capable of controlling the gate of the N-MOS,
referring this voltage level to the source terminal of the device.
In the same way, this work presents some guidelines for the
current control loop design, in terms of the changes that must
be considered when a different N-MOS is used. A complete
design of the proposed SiC N-MOS based LCL considering the
timer and the undervoltage lockout (UVLO) sections is
described in [2].

This paper is organized as follows. In Section I, the
guidelines for the DCX stage design are shown. Section Il
describes the process for the current control tunning. Section 1V
focuses on the experimental results for a class 10 LCL using the
proposed architecture. Finally, the main conclusions of this
work are shown in Section V.



Il. ANALOG ISOLATOR (DCX) DESIGN

Fig. 2 shows the LCL scheme based on a N-MOS. Its
working behavior is based on the constant sensing of the current
through the MOSFETS. After that, the error between the current
sensed and the current reference will be integrated. Therefore,
when the current sensed is lower that the device limit, the
integrator will be saturated to a positive voltage level. The
reference voltage for these types of systems will be the return
of the bus voltage (Vhs) or an intermediate voltage.
Conveniently translated to the gate-source voltage (Ves) of the
MOSFET, this positive voltage level will make that the N-MOS
will be working in ohmic mode. However, if the current sensed
through the MOSFET is higher than the limit, the integrator
makes the voltage level lower. At this point, the N-MOS is
working in active zone regulating the current to the reference
value.

A)Oscillator design:

The DCX design is based on a DC/DC converter working in
open loop. To control this converter, an oscillator, generating
pulses for a switching frequency of 4 MHz and a duty cycle of
50% is used. The dynamic behavior of the DCX stage must not
interfere with the dynamic of the current control loop. That is
reason why the DCX stage operates in the ‘MHz’ range.
Traditional strategies are based on pulse width modulation
techniques. In this case, it was not possible to find a space
qualified PWM modulator capable of working at those
frequencies. This way, the DCX design is based on a fixed duty
cycle, varying its input voltage. The oscillator to control the
DCX has been implemented using the CD4093B integrated
circuit [3], composed by four NAND gates with a Schmitt
trigger input (see Fig. 3). This circuit implements an oscillator
using an RC feedback network. Thanks to the tunning of this
RC network is possible to determine the oscillation frequency.
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Fig. 2. DCX concept for a N-MOS based LCL

Fig. 3. Oscillator implementation for the DCX stage

B)DCX topology design:

Considering that the DCX stage will be integrated in the
current control loop, it is necessary a precise static gain control
between its input and output voltages. This way, the DCX stage
designs have been adjusted in order to have a know static gain
value between input and output voltages. Furthermore, the DCX
stage will adapt the output voltages of the current control loop
to the proper gate-source voltage values of the N-MOS.

The DCX implementation has been made considering an
LLC topology. Fig. 4 shows the entire architecture composed
by a half bridge inverter and a full wave rectifier. The detailed
design of this topology can be found in [4]. It is a resonant
topology where it is possible to achieved magnetic integration,
making that the leakage inductance (L) of the resonant
transformer works as the resonant inductance of the DCX-LLC
converter. The DCX design has been made considering the First
Harmonic Approximation (FHA) [5]. In the LLC topology, the
full bridge output voltage (Vbrigge) IS @ square waveform with a
duty ‘D’ close to 50%, a lower value of OV and a maximum
value of Vi,. Therefore, the Fourier expression of the Vyridge 1S
the one shown in (1):

o 2 , @)
Voriage = Vin* D + kzlﬁ *Vin * sin(kwD) - cos(kDwgt)

This way, the amplitude of the first harmonic (Arr) will be
the one determined for the expression (2), being the peak value
the one determined by a ‘D’ of 0.5 (3).

2,
Apy = =V - sin(nD) )

2
Apy = p Vi (3)

Fig. 5 shows the equivalent circuit for the DCX-LLC
topology under the FHA approximation. This way, it is possible
to analyze the network resonant behavior (Zwnk) under the effect
of an input sinusoidal function. Rp1 and Ry resistors are used to
model the losses resistance of the magnetic transformer
windings. Considering also, that it is possible to achieve
magnetic integration, the resonant inductance of the half bridge
inverter will be the Ly value. Therefore, the design process will
be based on the selection of the resonant frequency in the
network formed by Ceunk and L (i.e. leakage inductance of the
primary side).
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Fig. 4. Schematic of the DCX-LLC topology
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Fig. 5. Equivalent circuit of the DCX-LLC topology under the first harmonic
approximation

The value of the equivalent impedance (Z:nk) in the resonant
network can be determined according to (4):
— . . - 4)
Ztank =] ((1)5 lel ws Ctank>
where w, = 27 - F,,, is the angular frequency associated to the
switching frequency (Fsw). Regarding the full wave rectifier, its
equivalent input impedance is described in [6]. This way,
considering an output capacitor (C,) bigger enough to eliminate
the switching frequency ripple, this rectifier behaviour can be
model as a resistor (Ri.c) with the value established on
expression (5).
5
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where Ry is the load resistor of the DCX-LLC topology. The
voltage gain will be determined through the resonant network
gain (GenkLLc). Using RiLic it is possible to know the quality
factor (Qunk) of the resonant network, at the switching
frequency, according to expression (6).
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where Fr/Fqy is the ratio between the resonant frequency (Crank
and L), and the switching frequency. The expression of the
GunkLLc Can be obtained using the equivalent circuit in Fig. 3
with the expressions (8)-(10):
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This way, with the GunkLc Value, it is possible to get the
final expression for the value of the DCX-LLC topology gain
(see (11)), which will be in terms of the network circuit gain,
and the first harmonic amplitude (Arn).

Vo _2 (11)

Gpex-Lic = Voo sin(m - D) - Gtanky¢
U

Apart from the amplitude, the bandwidth is another
important aspect to consider in the DCX-LLC design process.
Considering space applications, the bandwidth must comply
with the ECSS [7]-[9] requirements, regarding the control loop
speed to regulate the current. The bandwidth achieved here is in

the range of the hundreds of ‘kHz’, offering a voltage gain, wide
enough to comply with these requirements. Therefore, it is
possible to establish a relationship between the DCX
bandwidth, the resonant network Qnk and the Fr/Fsw ratio.

This way, having a fixed value for the Qun and making
variations of the Fr/Fsy ratio, it is possible to get Bode diagrams
relating the input and output voltages of the DCX-LLC stage.
The main steps for the analysis are listed here:

1. Forafixed Qunk value it is possible to get a range of values
for the resonant inductance (Lik1).

2. For each Lyq value it is possible to get a Fr/Fsw ratio using
expression (6), according to (12):

i _ Qtank " Re

Fsw B Ws * Lygey (12)

3. With the Ly range of values and the Fgr/Fqy ratios, it is
possible to obtain the values for the resonant capacitor
(Crank), according to expression (13):

1
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This way, for each Fr/Fsy ratio it is possible to get the pair
of values for the resonant tank (i.e. L1 and Cink). Considering
this information it is possible to get a Bode diagram for each
Grank. Fig. 6 shows the Bode diagrams, without the DC gain, for
a fixed Qunk value of 0.1818 and for a Fr/Fsw ratio variation
between 0.63 and 2.53. The discontinuous line in Fig. 6
represents the -3dB gain drop. The highest bandwidth appears
when the Fr/Fsw ratio tends to 1. However, if the ratio is higher
than unit, the bandwidth starts to drop. In this example, the
highest bandwidth is 224.57 kHz for a Fr/Fsw ratio of 1.27, and
the lowest bandwidth is 73.26 kHz for a Fr/Fsw ratio of 2.53.

The second analysis consists on having a fixed Fr/Fsw ratio
modifying the Qunk Value. Again, the main idea is trying to
analyze the bandwidth, in this case, due to a variation of the
Qunk- Fig. 7 shows the different Bode diagrams for a fixed
Fr/Fsw ratio of 1.27 and for a Qunk Vvariation between 0.0912
and 0.3650. According to these analyses it is possible to make a
connection between the Fr/Fsw ratio, the Qunk parameter, the
Gunk and the 3dB bandwidth. Therefore, to have a high
bandwidth combined with a high gain it is necessary to design
the DCX stage with a Fr/Fsw ratio close to 1 and with a low
value of the Qunk parameter. In the DCX-LLC implemented in
this work, the Qunk parameter is 0.092 and the Fr/Fsw ratio is
0.896. This way, it is possible to achieve a Gnk of 1.53.
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Fig. 6. Bode diagrams for a fixed Qunk Of 0.1818 changing the Fr/Fsw ratio
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Fig. 7. Bode diagrams for a fixed Fg/Fsw ratio of 1.27 changing the Qunk

I1l. CURRENT CONTROL TUNNING

The current control loop is the one that regulates the current
depending on the LCL working behavior point. It is based on a
type 1l regulator (Fig. 8). Thanks to the integrator, when the
sensed current is lower than the reference one, it will saturate
the control to positive, forcing the maximum voltage level at the
end of the DCX stage (i.e. gate-source voltage level). On the
other hand, if the sensed current is higher than the reference, the
current control loop will reduce its voltage level at the end of
the DCX stage making that LCL limit the current level to the
reference one. In order to control de dynamic of this current
control loop, it is necessary to know the current sensor behavior,
the current source behavior of the N-MOS and the variations
between the input and output voltage in the DCX stage (i.e.
audio-susceptibility). In this case, two different SiC N-MOS
have been selected, the SCT3022AL (ROHM)[10] and the
SCTWOI0N65G2V (ST)[11].

This way, the steps to tunned and adapt the current control
loop are:

The current sensor used in this work has been the LT6105[12].
Its dynamic behavior has been obtained by simulation using an
AC analysis. After that, mathematical approximation has been
made getting a transfer function (Gsensor) COMposed by 3 poles
and 2 zeros.

The frequency behavior of the DCX (Gpcex) stage has been
obtained through measurements, using a frequency response
analyzer [13] from the prototypes implemented using the DCX-
LLC topology.

The N-MOS current source behavior (G u) when the LCL is
limiting the current can be obtained by mathematical analysis,
considering some parameters in the N-MOS selected devices.
In this case, it is assumed a Rsense value of 0.02 Q. In the same
way, different loads at the LCL output (Zieaq) have been tested.
This way, from the N-MOS datasheets it is possible to obtain
the transconductance value (gm), the drain-source resistance
value (Rgs), the drain-source capacity (Cgs), the gate-source
capacity (Cgs) and the drain-gate capacity (Cqg). For these
analyses the Rgae value in both cases will be equal to 1 Q. These
parameters are better illustrated in Fig. 9 showing the small
signal model between the DCX output and the N-MOS.

The DCX stage output impedance (Z,) can be approximated by
the parallel connection between the output capacitor (C,) and
the load (RL) defined in Fig. 4.
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At this point, it is possible to achieve an expression for the G;_yc
transfer function, adapted to the characteristics of both
transistors, according to expression (14), where Zoa,g models the
impedance that the LCL sees as a load. Therefore, considering
the sensor dynamic behavior (Gsensor), the audio-susceptibility
(Goex) and the dynamic of the N-MOSFET current source
(Gi_ue), is possible to define the current control loop regulator of
the LCL (15).

Gi_uc (14)
_ Im

(Zopex + Ryate)  Cin "5 + 11

+

1 _gm-ZoDCX-Cdg-s Rys " Cgq-s+1
(Rsense + Zioaa) Z0pcx * Cdg s+1 Rys
Grer = Gsensor * Guc_uciso ) Gi_uc (15)

Finally, to achieve of transfer function of the type Il regulator,
it is necessary to know the G c. expression and the values for
the crossover frequency (F¢) and the phase margin (Pm). Table |
shows the parameters obtained for the Rz, C; and C; values in
the regulator (see Fig. 8), if Ry uses a fixed value of 1 kQ for
both N-MOS. In these tests, the regulator is tuned to maintain a
Pm value of 60 ° while maximizing the bandwidth.

Considering the parameters shown in Table I, and the closest
values, due to the real implementation, it is possible to get the
final transfer function and, therefore, the dynamic behavior of
the implemented regulator in the current control loop. Finally,
Fig. 10 shows the Bode diagram for the complete current control
loop plant (GcL) for different Zpaq conditions.



Table 1. Theoretical parameters for the type Il regulator depending on the SiC

N-MOS used
SCT3022AL (ROHM) | SCTW90N65G2V (ST)
Ri=1kQ Ri=1kQ
R,=515.72Q R, =144.51 Q
C,=116nF C1=343nF
C, =328 pF C,=142nF
Om =122 Q1 Om=12.5Q1
Cygs = 400 pF Cqs = 1300 pF
RdSZZQ Rds:1.67Q
Cgs = 2000 pF Cqs = 3800 pF
Cyq = 200 pF Cyq = 200 pF
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Fig. 10. Bode diagram, using the SCT3022AL SiC N-MOS, for the complete
LCL current control loop plant, considering different Z,,,4 conditions

According to Fig. 10, different Zisq Situations have been
considered in the G; . transfer function to define the worst case
for the LCL. The different situations are:

1. A pure short-circuit.

2. A resistor, considering the l;im current level.

3. A pure inductance.

4. An inductance in series with the resistor used in 2).
5. A damped LC filter with a short-circuit at its output.
6. A damped LC filter with the resistor used in 2).

Considering the analysis done, a high Zia value is
detrimental for the LCL dynamic response. This way, the worst
case in Fig. 10 is the “filter+resistor” one, due to is the one that
presents the maximum load impedance at the output of the LCL.

IV. EXPERIMENTAL RESULTS

Experimental results show the behavior of the DCX stage
and the current control loop when they are working in a class 10
LCL SiC based N-MOS prototype. In these tests, the bus
voltage is about 100 V. Fig. 11 shows an overload test using the
SCT3022AL N-MOS working at limiter device. It can be seen
how the LCL carries the full current 10 A (lsense). While this
happens, the control loop voltage (Vioop) is Saturated to positive.
The DCX translates this voltage to the gate-source terminals of
the N-MOS (V). The voltage at the output of the half bridge of
the DCX is represented as Vprincx. It can be seen how it follows
the loop voltage. Upon an overload, there is an initial overshoot
of 37 A and then the LCL reacts limiting the current to 12 A.

This is achieved by the control loop adjusting its voltage, so
the current is regulated. It can be seen how the half bridge
voltage, and thus the Vg level, follows it. Right after the short-
circuit, the timer section starts to work (Vcimer), Shutting down
the LCL after a trip-off time of 1.5 ms (i.e. trip-off min for a
class 10 LCL). This is achieved by the timer turning off the
DCX. It can be seen how Vpipcx, and then Vs, goes to 0 V,
turning off the MOSFET. Consequently, the current goesto 0 A
and the control loop saturates to positive. Fig. 12 shows the
same waveforms using the SCTW90N65G2V SiC N-MOS
device, considering only the spike event when the lsense current
turns-off. This way, it is possible so see how a correct tunning
of the current control loop makes that different N-MOS
semiconductors achieve a good performance working as limiter
devices in this LCL topology.

The second test is based on the use of the LCL prototypes
considering a short-circuit at the output of the input filter of a
converter, designed to provide 80 dB of attenuation at 160 kHz.
The filter design was adapted from [14] and it is based on the
harmonic content of the input current of a buck converter. The
filter topology chosen is shown in Fig. 13 considering Ls= 150
pH, C¢ = 150 pF, Cp = 300 pF and Rs=1.2 Q. Fig. 14 shows the
experimental results for the LC filter test for the SCT3022AL
(ROHM) SiC N-MOS. It is possible to see how the LCL carries
the class current and after the short circuit the LCL reacts
limiting the current with a good performance, is spite of the
presence of a small oscillation in the moment that the LCL is
going to limit the current. Fig. 15 shows the same overload test
for the SCTWO0N65G2V (ST), where it is possible to see that
here there in no oscillation when the limitation process is going
to start.
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Fig. 12. Class 10 LCL operation waveforms using the SCTW90N65G2V SiC
N-MOS
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Fig. 14. LCL operation under overload test using and LC filter between the
LCL and the load using the SCT3022AL SiC N-MOS
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Fig. 15. LCL operation under overload test using and LC filter between the
LCL and the load using the SCTW90N65G2V SiC N-MOS

V. CONCLUSIONS

This work remarks some design guidelines of the DCX
stage, and the current control loop of a new SiC N-MOS based
LCL architecture. Different prototypes of the LCL using two
different N-MOS devices have been made, considering a class
10 LCL for a bus voltage of 100 V, and for a maximum
limitation current of 12 A. This way, it was verified how the
correct tunning of the current control loop, for two different
devices, makes that the LCL behavior suits the class
specifications. In the same way, a correct design of the DCX
stage makes possible the translation of an isolated control signal
to control the N-MOS device. The proposed design is flexible
enough to be adapted to higher bus voltage levels.

Regarding the DCX-LLC stage is important to remark the
relation between the bandwidth, the Qunk factor and the Fr/Fsw
ratio. This way, it is possible to establish designs for the DCX
stage considering high gains and bandwidths for a low Quank
value and for Fr/Fsy ratios around the unit. This dependency

makes that a higher Qun involves lower values for the
bandwidth.

Regarding the current control loop, a correct tunning of the
regulator stage makes possible a correct behavior of the LCL
prototypes for different load conditions.

ACKNOWLEDGEMENTS

This work has been carried out by funding from the Spanish
government through the PID2021-1277070B-C21 project, and
the PRE2019-088425 grant. In the same way, this work has
been supported by the Principality of Asturias and FICYT under
the SV-PA-21-AYUD/2021/51931 project.

REFERENCES

[1] D. Marroqui, A. Garrigos, J.M. Blanes, R. Gutiérrez and E. Maset, ‘Circuit
proposals for high voltage latching current limiters’, in European Space Power
Conference (ESPC), Oct. 2019.

[2] A. Lopez, P. F. Miaja, M. Arias and A. Fernandez, "Circuit Proposal of a
Latching Current Limiter for Space Applications Based on a SiC N-MOSFET,"
in IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 10,
no. 5, pp. 5474-5485, Oct. 2022.

[3] CMOS quad 2-input NAND Schmitt trigger, Texas Instruments datasheet.
[4] Pablo F. Miaja, Abraham Lopez and Manuel Arias, “An analog magnetic
isolator for space power applications”, Energies 2020, 13, 4504.

[5] M. K. Kazimierczuk and D. Czarkowski, Resonant power converters, 2nd
ed. Hoboken, N.J: Wiley, 2011.

[6] R. L. Steigerwald, ‘A comparison of half-bridge resonant converter
topologies’, IEEE Trans. Power Electron., vol. 3, no. 2, pp. 174-182, Apr. 1988.
[7] “Space engineering - Electrical design and interface requirements for
power supply, ECSS-E-ST-20-20C”. ECSS Secretariat ESA-ESTEC
Requirements & Standards Division Noordwijk, The Netherlands, 2016.

[8] ‘Space product assurance - Derating - EEE components. ECSS Secretariat
ESA-ESTEC Requirements & Standards Division Noordwijk.

[9] ‘Space engineering - Guidelines for electrical design and interface
requirements for power supply’. ECSS Secretariat ESA-ESTEC Requirements
& Standards Division Noordwijk, The Netherlands, 15-Apr-2016.
[10]SCT3022AL, N-Channel SiC power MOSFET, ROHM Semi, datasheet.
[11]SCTW90N65G2V, N-Channel SiC power MOSFET, ST, datasheet.

[12] LT6105, “Precision, Current Sense Amplifier”, LT datasheet.
[13]Frequency Response Analyzer, Model 6320, Venable Instruments,
datasheet.

[14]R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics.
New York: Springer, 2012.



