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Abstract—Optocouplers are among the components most ad-
versely affected by space radiation, resulting in diminished per-
formance and a shortened lifespan. This article presents a device,
based on a current-fed Push-Pull topology DC/DC converter,
designed to isolate the feedback loop signal of a power converter.
Furthermore, a mathematical model has been developed, playing
a pivotal role in the study. This model facilitates the identification
of nonlinearities within the system, ensures precise knowledge
of the current transfer ratio, and serves as a design guide to
achieve accurate behavior. Python was utilized for evaluating the
mathematical model, while PSIM was employed for assessing the
system circuit, thus presenting experimental results as well.

Index Terms—DC/DC Converters, power electronics, space,
feedback, isolators.

I. INTRODUCTION

Optocouplers are critical components in space power sys-
tems due to the degradation caused by space radiation, which
reduces their performance and shortens their lifespan [1],
[2], [3]. The current transfer ratio is the primary parameter
affected by this radiation and is a key metric in the feedback
loop of isolated DC/DC converters. While various solutions
exist on the market, most are not qualified for space systems
[4]. This qualification process is highly complex, costly, and
time-consuming. Although some space-qualified solutions are
available, they are often expensive and have limited bandwidth
[5], [6], [7]. To address this issue, an alternative solution based
on a Push-Pull topology DC/DC converter has been developed.
This device, constructed with space-qualified components,
provides the same functionality as an optocoupler and offers
a dynamic response comparable to that of currently available
space-qualified devices.

The device designed is developed to be connected on the
feedback loop. For that reason, a set of requirements has been
set to define the development of the device:

• Isolation voltage similar to optocouplers.
• Output voltage should be same as input voltage.
• Provide dynamic behavior according to equivalent isola-

tor devices present on the market.

II. MODEL PROPOSED

To ensure the proper functioning within the feedback loop
of the converters, the proposed device must provide an output
voltage proportional to the input voltage across the entire

range of the latter voltages. This implies a linear gain in
the device, which is reflected in a flat frequency response
across the isolator’s entire bandwidth. Rectification stage on
DC/DC transformers can present a significant issue, mostly
on low-voltage applications, like the proposed on this project.
If this rectification is performed using diodes, there will be a
voltage difference caused by the voltage drop at the diodes.
This voltage drop is mainly dictated by the knee voltage,
which strongly depends on the temperature. To overcome this
problem, the proposed isolator first converts the input voltage
into a current and transfers it through the transformer and
the rectifier diodes, because the current is not affected by the
changes in the voltage drop. Therefore, a current-fed Push-
Pull topology has been implemented. This topology has been
selected since the transformer driver switches are referred to
ground, easing the driving of the switches.

Figure 1 presents a block diagram of the system proposed,
depicting the main stages of the device. The first stage involves
generating the current to be transferred. An operational ampli-
fier is used (which also acts as an impedance decoupler) along
with a transistor and a resistance. This is followed by a current
mirror stage that functions as a constant current source to feed
the Push-Pull transformer. The next stage involves isolation,
consisting of a magnetic transformer, an analog oscillator
which controls the converter switches, and a rectification
stage with four diodes. After rectification, the current passes
through a Current-to-Voltage conversion stage implemented by
a second set of current mirrors. In addition to converting the
current to voltage, the first mirror limits the voltage on the
Push-Pull converter’s magnetic transformer, while the second
changes the direction of the current, channeling it towards the
resistor where the output voltage will be generated. In the final
stage, an operational amplifier acts as an impedance decoupler
and regulates the gain as necessary.

For the Voltage-Current and Current-Voltage conversion
stages, Wilson current mirrors have been utilized. This topol-
ogy offers high precision in V-I conversion, which is crucial
for this application [8]. Additionally, to achieve a compact
magnetic transformer size while ensuring good dynamic per-
formance, the system must operate at the highest possible
switching frequency. The high bandwidth of the selected
current mirrors and operational amplifiers means that the
isolator’s bandwidth is constrained by the switching frequency



Fig. 1. Model proposed circuit.

of the Push-Pull converter stage. Specifically, the oscillator
and switch components limit this switching frequency to
approximately 4 MHz.

III. GAIN AND LINEARITY ANALYSIS

The initial point of the analysis involves validating the
Wilson mirrors and the current generator stages. A range
of voltages has been measured, utilizing different resistance
values for Rref . After conducting various tests where different
currents were injected, it was observed that these stages did not
affect the linearity of the transferred current, and the voltage
measured at the output was the same as the sensed at the
input. This indicates that the critical design point of the device
lies in the current-fed Push-Pull transformer stage. Aiming to
switch at high frequencies, Figure 2 shows the circuit diagram
modeling the switching process. This diagram makes used of
the T equivalent of the transformer presented in [9], which
considers all components that significantly impact the device’s
gain and linearity, primarily the parasitic capacitances.

Fig. 2. Equivalent circuit for switching process analysis.

An important aspect of the system design is ensuring that the
current transferred through the transformer is not interrupted.

Interruption of the current during the switching process will
make the output transistors of the primary current mirror
go into saturation. In order to act as a current source the
transistors of the current mirror need to remain in active zone.
To prevent this, the duty cycle of the control signal for the
switches must always be greater than 0.5. This ensures that
both switches are closed simultaneously, allowing current to
flow through both windings and generate opposing magnetic
fields that prevent current transference to the secondary during
this period. This phenomenon is illustrated in Figure 3.

Due to the high switching frequency, the impact of this non-
transferred current is significant. Additionally, the charging
and discharging times of parasitic capacitances significantly
affect the gain of the current transference. Therefore, a detailed
mathematical analysis has been conducted to quantify this
influence in order to take it into account in the design for
achieving a desired gain between input and output voltages.

Focusing on Figure 3, there are two main stages to analyze:
the moment when a switch closes, allowing current to flow
through both windings (Stage 1), and the moment when
the other switch opens (Stage 2). The mathematical analysis
requires the following assumptions:

• The parasitic components of the upper winding (indicated
with the subscript 1) are equal to those of the lower
winding (indicated with the subscript 2).

• Leakage Inductance is represented in upper and lower
windings because most of the time only one of them is
conducting.

• The transformer’s parasitic capacitance only affects the
circuit during Stage 2, as observed from simulations
conducted with PSIM software.



Fig. 3. Switching process currents.

A. Stage 1 analysis

In this state, the parasitic capacitances of the switches have
no effect on the circuit, as they are short-circuited when the
switches are closed. The equations that model the circuit in
Figure 2 are:

Iin = IT1 + IT2 (1)
Iin = I1 + I2 (2)

I1 = Cp ·
dVo(t)

dt
+ IT1 (3)

I2 = −Cp ·
dVo(t)

dt
+ IT2 (4)

Vo

Ro
= IT1 − IT2 (5)

2Vo + VL1 + VR1 = VL2 + VR2 (6)

Which contains the following 5 variables:

IT1, IT2, I1, I2, Vo

These equations lead to the following second-order differ-
ential equation:

LCp
d2Vo(t)

dt2 +
(

L
2RL

+RpCp

)
dVo(t)

dt +
(
1 +

Rp

2RL

)
Vo(t) = 0 (7)

The solution to this equation is neither straightforward nor
simple, as the values of the components determine the type of
response the circuit will exhibit: underdamped, overdamped,
or critically damped. The first step is to obtain the roots of
the equation:

r =
−b±

√
b2 − 4ac

2a
(8)

Using the values of (7) in (8) yields:

r =
−1

4RLCp
±

√
(L− 16R2

LCp)

16R2
LC

2
pL

(9)

The response of the system is determined by the discrimi-
nant of (9):

(L− 16R2
LCp)

16R2
LC

2
pL

(10)

For each type of response, the particular solution for Vo(t)
is:

• Overdamped:

Vo(t) = K1e
r1t +K2e

r2t (11)

• Underdamped:

Vo = e−at(K1 cos(bt) +K2 sin(bt)) (12)

• Critically damped:

Vo(t) = (K1 +K2t)e
rt (13)

It can be observed that in each scenario, two unknowns (K1
and K2) are present. To solve for these, a second equation
is required, which defines the current through the parasitic
capacitance in the transformer:

Ic1(t) = Cp ·
dVo(t)

dt
(14)

To solve them, it is necessary to know the initial condi-
tions of the circuit. At the moment of switching (t=0), the
output current is equal to the input current multiplied by
the transformer ration. Also, the parasitic capacitance of the
transformer will be fully charged, hence no current is passing
through the capacitor:

Vo(0) = RL · Iin (15)
Ic1(0) = 0 (16)

Table 1 presents the resolved equations used to determine
the output current of the secondary winding of the transformer.
These equations are based on the values of the parasitic
components of the various devices that compose the system
and the input current of the transformer. The frequency value
does not influence this section, as the objective is to observe
the temporal evolution during the moment the switch is closed.

To evaluate this equation and observe the curve generated,
python has been used. The values of the components have
been obtained from the datasheets of the devices utilized in
the prototype exposed on V. Figure 4 represents the curve
generated for the winding currents, where it can be seen how
both converge to half the value of the input current. Figure 5
represents the output current dropping to 0 A and maintain it
during both switches are closed.



Fig. 4. Stage 1 winding currents

B. Stage 2 analysis

The parasitic capacitance of the switches have effect on this
stage, while the parasitic capacitance of the transformer can
be omitted for these calculations. The equations that model
the behavior of the circuit in Figure 2 are:

I2 = Iin − I1 (17)
Iout = 2I1 − Iin (18)

I1 = Cm · dVc(t)

dt
(19)

2IoutRL + L
dI1(t)

dt
+ I1(t)Rp + Vc = L

dI2(t)

dt
+ I2(t)Rp

(20)

Which contains the following variables:

Iout, Vc, I1, I2

These equations lead to the following second-order differ-
ential equation:

2LCm
d2Vc(t)

dt2
+ 4RLCm

dVc(t)

dt
+ Vc(t) = 2RLIin (21)

The procedure for solving this equation differs from the
previous stage because the resulting equation has a non-
zero independent term. The solution for a non-homogeneous
differential equation is expressed as:

Vc(t) = Vcg (t) + Vcp(t) (22)

Vcp(t) corresponds to the particular solution of the equation.
Since the independent component of the equation is constant,
Vc(t) can also be assumed to be constant. Thus, its respective
derivatives would be 0, and the particular solution is expressed
as:

Vcp(t) = 2RLIin (23)

Fig. 5. Stage 1 output current

Vcp(t) is the solution to the homogeneous equivalent equa-
tion:

2LCm
d2Vc(t)

dt2
+ 4RLCm

dVc(t)

dt
+ Vc(t) = 0 (24)

The solution to (24) will be similar to (7). The roots have
to be obtained and the response of the system is determined
by the discriminant of (25):

r =
−RL

L
±

√
2R2

LCm − L

2CmL2
(25)

The particular solutions for the equivalent homogeneous
equation are the same as those expressed in (11), (12), and
(13), but applied to Vc(t). As in the previous case, each
response involves two unknowns (K1 and K2). To find them,
a second equation is needed: the current through the parasitic
capacitance of the switch.

I1(t) = Cm · dVc(t)

dt
(26)

Regarding the initial conditions of the voltage Vc(t), the
switch is closed and short-circuited at the initial instant. On
the other side, the current through the switch I1 during that
moment is half of the input current, as it is divided between
the two windings.

Vc(0) = 0 (27)

I1(0) =
Iin
2

(28)

Table 1 shows the equation defining the output current
in this stage, derived from solving the current equation I1
and (18). As it has been shown on the Stage 1 evaluation,
python has been used to evaluate these expressions. Figure
6 represents the currents through the windings. Figure 7
represents the output current reaching the input current value
and maintain it during the rest of the period.



TABLE I
OUTPUT CURRENT EQUATIONS

Stage 1
Iout Roots K constants

Overdamped Io(t) =
1

RL

(
K1er1t +K2er2t

)
r1,2 = −1

4RLCp
±

√
L−16R2

L
Cp

16R2
L
C2

pL

K1 = r2IinRL
r2−r1

K2 = r1IinRL
r1−r2

Underdamped Io(t) =
1

RL
e−at (K1 cos(bt) +K2 sin(bt)) a = 1

4RLCp
, b =

√
16R2

L
Cp−L

16R2
L
C2

pL

K1 = IinRL

K2 = a
b
IinRL

Critically Damped Io(t) =
1

RL
(K1 +K2t)ert r = 1

4RLCp

K1 = IinRL

K2 = −rIinRL

Stage 2
Iout Roots K constants

Overdamped Io(t) = 2Cm(r1K1er1t + r2K2er2t)− Iin r1/2 = −RL
L

±
√

2R2
L
Cm−L

2CmL2

K1 =
Iin/2Cm+r22RLIin

r1−r2

K2 =
Iin/2Cm+r12RLIin

r2−r1

Underdamped

Io(t) =

2Cm
(
−ae−at (K1 cos(bt) +K2 sin(bt))

+e−at (−bK1 sin(bt) + bK2 cos(bt))
)
− Iin

a = −
RL

L
, b =

√
−(2R2

LCm − L)

2CmL2

K1 = −2RLIin

K2 =
Iin/2−aCm2RLIin

bCm

Critically damped Io(t) = 2Cm
(
K2ert + (K1 +K2t)rert

)
− Iin r = −RL

L

K1 = −2RLIin

K2 = Iin
2Cm

+ 2RLIinr

Fig. 6. Stage 2 winding currents

C. Magnetizing Inductance analysis

The lack of current transference between primary and
secondary during switch overlap represents a challenge en-
countered in developing this device, though not the only
one. Additionally, the necessity of minimizing transformer
size implies a resultant magnetizing inductance that must
also be minimized. This parameter warrants critical attention
because insufficient magnetizing inductance can cause the
magnetizing current to approach the level of the input current,
thereby hindering its transfer to the secondary winding. This
phenomenon is illustrated in Figure 8. Upper side of the
image represents the desire behavior of the system, while the
lower side exemplifies when the magnetizing inductance is

Fig. 7. Stage 2 output current

lower than the desired value. It is represented how the current
transferred (Itx) is lower than the input current (Iin).

To calculate the minimum required inductance value nec-
essary to mitigate this issue, it must start with the equation
governing the voltage drop across an inductor (29):

Vmag = Lm
dILm

dt
(29)

Lmag =
ton · Vmag

∆ILm
(30)

Ton refers to the time interval during which the magnetic
flux increases, specifically half of the period.

ton =
T

2
=

1

2 · f
(31)



Fig. 8. Magnetizing inductance current.

To ensure that the magnetizing current does not reach the
value of the input current, it must be ensured that:

iin >
∆ILm

2
(32)

Combining (30), (31), and (32) yields the following expres-
sion that limits the design of the magnetic transformer for our
application:

Lmag >
Vmag

2 · f · 2 · iin
(33)

That expression can be posted as the minimum current that
a transformer with a fixed magnetizing inductance can give:

iin >
Vmag

2 · f · 2 · Lmag
(34)

IV. SIMULATION

To analyze the complete switching cycle of the device in
detail, it is essential to employ mathematical analysis tools.
In this project, Python has been utilized through the Jupyter
Notebooks interface. Knowledge of the switching frequency
and the duty cycle of the signal is required to accurately ana-
lyze the equations describing the output current and obtain its
average value, to see the non-transference of the current. The
duty cycle provides the overlapping time between switches.

To validate this mathematical model and analyze each
stage independently, the circuit analysis tool PSIM has been
employed to simulate the circuit depicted in Figure 2. The
parasitic components data used for the equations and for the
PSIM circuit were obtained from the component datasheets
used in the prototype exposed on Section V. Regarding the
magnetic transformer, a unit from Coilcraft was utilized,
featuring a 1:1.4 turns ratio. An impedance analyzer has been
used for a precise transformer characterization of its magnetic

and leakage inductance values. Figure 9 illustrates the output
current waveform in both PSIM and Python for an input
current of 1.4 mA, a switching frequency of 2 MHz, and a
51% duty cycle.

Fig. 9. Sim Math - Underdamped comparison.

A range of currents has been processed to see simulation
and mathematical models current transfer gain, and differences
between the two models. Table II shows a series of input cur-
rent and the output current value obtained on the Mathematical
model and on the simulated one in PSIM. Figure 10 illustrates
the outputs values, where the linearity of the current transfer
gain can be observed.

TABLE II
COMPARISON OF CURRENT VALUES

iin (mA) PSIM (mA) Math (mA)
8.90 6.17 6.17

10.70 7.42 7.41
12.50 8.66 8.67
14.20 9.84 9.85
16.00 11.10 11.09
17.80 12.34 12.34
19.60 13.58 13.59
21.40 14.83 14.82



Fig. 10. Mathematical model and simulation comparison.

V. EXPERIMENTATION

For this project, a prototype was constructed using space-
qualified components. Figure 11 exposes this device devel-
oped.

Fig. 11. Prototype developed

A transformer from Coilcraft was selected for this prototype,
which has been exposed on Section IV. One of the critical
studies carried out on the prototype was to operate at the
boundary duty cycle (51%), with a switching frequency of
2 MHz, feeding the transformer with a current of 14 mA. The
purpose of the test is to evaluate if the simulation and mathe-
matical model can replicate the behavior of the prototype. The
target is to observe the voltage across a resistance connected
to the transformer secondary winding to evaluate the current
reaching the output.

Figure 12 presents a comparison between the experimental
results, the PSIM simulation, the mathematical model, and the
ideal output of the device (the input current attenuated by a
factor of 1.4) for a switching frequency of 2 MHz and a duty

Fig. 12. Math model, simulation and PSIM comparative

cycle of 50%. The ideal output is defined by the transformer
transfer ratio, which does not account for the phenomena
described by the mathematical model. Meanwhile, it can
be observed that the actual (experimental) output exhibits a
significant gain and voltage difference compared to the ideal
output. This highlight the necessity of modeling the device
attenuation which, in addition with the simulation model, fits
accurately with the experimental results, offering a guidance
to detect these derivations and a precise design guide.

VI. CONCLUSIONS

A magnetic isolator capable of replacing optocouplers has
been successfully developed using space-qualified compo-
nents. Additionally, a comprehensive mathematical model of
the system has been created, which accurately identifies the
influence of all parasitic components and highlights the weak
points. This model allows for precise control over the device
design, facilitating the accurate replication of the complex
behavior of transformers at low input voltages. As a result,
the new isolator not only meets the stringent requirements
of space applications but also offers improved reliability and
performance over traditional optocouplers. This advancement
represents a significant step forward in the design and im-
plementation of magnetic isolators for use in demanding
environments.
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