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Abstract—The global electrification of transport, energy, and
industry is driving the widespread deployment of power convert-
ers. To maximise power density and minimise passive component
size, switching frequencies are moving well beyond 100 kHz.
FPGAs have become the platform of choice for real-time HIL
simulation of such converters. However, the pursuit of ever-
smaller simulation time steps leads to narrow fixed-point word
lengths, accuracy issues, and beating effects. This paper proposes
an inter-step PWM interpolation method that breaks this race
to the bottom: by resolving the PWM switching instant to 4 ns
within each 200 ns simulation step via linear state interpolation,
the beating effect is suppressed. The methodology is described
and implemented on the NOA Arch 1 open FPGA platform
(Zynq UltraScale+, 125 MSPS I/O) and validated on a 1 MHz
synchronous buck converter equipped with a reinforcement-
learning-optimised controller. The proposed approach allows
using a 50× larger time step than the 4 ns implementation,
relaxing the timing closure constraints associated with the latter’s
narrow fixed-point word length, while achieving equivalent PWM
resolution and simulation accuracy.

Index Terms—Real-time simulation, FPGA, Hardware-in-the-
loop, PWM interpolation, High switching frequency converter.

I. INTRODUCTION

The global push toward decarbonisation is reshaping the

energy landscape: electric vehicles, photovoltaic inverters, on-

board fast chargers, and more-electric aircraft are becoming

ubiquitous, placing power electronic converters at the heart

of modern energy systems [1]. To maximise power density

and reduce passive component size, switching frequencies are

steadily moving above 100 kHz and increasingly toward the

megahertz range [2]. Hardware-in-the-loop (HIL) simulation

has become standard practice for validating converter designs

and control systems under conditions that physical prototypes

cannot safely or economically replicate. Real-time simulation

above 100 kHz requires submicrosecond time steps, which has

made FPGAs the technology of choice [3]. This has driven

simulation time steps to ever lower values: implementations

at 25 ns and 15 ns [4]–[6], down to a few nanoseconds on

dedicated commercial simulators [7], have been reported.

This race, however, comes at a cost. On one hand, very

small time steps force the use of narrow fixed-point word

lengths to meet FPGA timing closure, restricting the simulator

to a limited set of operating conditions [8]. On the other

hand, they do not resolve the fundamental beating effect: when

the simulation clock and the controller’s PWM generator are

asynchronous, spurious subharmonic components corrupt the

simulated waveforms [9], [10]. Reducing the time step shifts

these sub-harmonics in frequency but cannot eliminate them.

Several methods have been proposed to mitigate the beat-

ing effect. Time-average methods [11] and sub-cycle averag-

ing [12] average the PWM signal over a single simulation

step and then feed it to an averaged converter model, thereby

suppressing spectral aliasing but sacrificing instantaneous

waveform accuracy. Integration-oversampling methods [13]

reconstruct an equivalent PWM pattern that minimizes the

integrated duty-cycle reading error at each step. Interpolation-

based techniques resolve the switching instant within each

step by linearly interpolating the system states [14], [15].

However, none of these methods has been demonstrated on an

open, academically documented FPGA platform. Commercial

simulators may implement similar techniques, but without

disclosing implementation details.

The present paper addresses this gap by extending the

interpolation-based approach [14], [15] to the FPGA HIL

context, detecting the switching instant of an external asyn-

chronous PWM signal and resolving it to 4 ns. To the best of

our knowledge, no open FPGA platform has yet demonstrated

real-time HIL simulation of a converter switching at 1 MHz.

The main contributions of this work are as follows:

• A case study showing that, for a 1 MHz buck converter

equipped with a reinforcement-learning-optimized (RLO)

controller, fixed-time-step FPGA simulation excites cir-

cuit resonances during input-voltage transients.

• The assessment of an inter-step PWM interpolation

method suitable for FPGA implementation, achieving

4 ns effective PWM resolution with much larger time

steps while suppressing these oscillations.

• Two FPGA implementations of a 1 MHz buck converter

HIL simulator, based on a conventional 4 ns fixed-step

solver and a 200 ns interpolated solver, validated in real

time with the RLO controller.

This paper is organized as follows. Section II analyses

the beating effect in a 1 MHz synchronous buck converter.

Section III presents the proposed inter-step PWM interpolation

method and its FPGA implementation. Section IV reports

HIL validation results and FPGA resource utilization, and

Section V concludes the paper.
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Fig. 1: Synchronous Buck converter with the reinforcement-

learning-optimised (RLO) controller used in this work.

TABLE I: Buck Converter Parameters

Parameter Value Parameter Value

Vout 28 V Vin 36–60 V
L 24 µH rL 37 mΩ

C 33 µF rC 2.7 mΩ

rds 25 mΩ RL 56 Ω

fsw 1 MHz Tsw 1 µs

II. CASE STUDY AND BEATING EFFECT ANALYSIS

A. Buck Converter and RLO Controller

The case study considers the synchronous buck DC–DC

converter shown in Fig. 1, operating at a switching frequency

of fsw = 1 MHz. Its electrical parameters are summarized in

Table I. The converter regulates a 28 V output derived from

an input voltage ranging from 36 V to 60 V, representative of

a regulated avionics DC bus.

Figure 2 illustrates the simulation scenario over a 45 ms

interval. The input voltage vin undergoes two large-signal

disturbances: A 36 V → 60 V step at t = 15 ms followed by a

60 V (Zone 1) → 36 V step at t = 30 ms (Zone 2). Throughout

these transients, the controller is designed to maintain the

output voltage within 1% of the 28 V reference.

The controller combines two complementary control paths,

as shown in Fig. 1. The first is a voltage-feedback (VFB)

loop based on a PI regulator acting on the voltage error vo −
Vref . The second is an input-voltage feedforward (IVFF) path

that compensates for variations in vin by directly adjusting

the nominal duty cycle [16]. The gains of the resulting PI-FF

controller are optimized offline using a reinforcement-learning

(RL) agent based on the Soft Actor-Critic (SAC) algorithm.

The optimization simultaneously targets an output overshoot

below 1% and a settling time shorter than 2.2 ms over the

entire input-voltage range.

Offline simulations show that the optimized controller

achieves excellent transient performance, exhibiting fast re-

covery and negligible overshoot following both input-voltage

disturbances. Such aggressive closed-loop dynamics, however,

make the controller particularly sensitive to timing errors

introduced by real-time fixed-step simulation.

B. Beating Effect in Fixed-Step Simulation

In a fixed-step simulator, the PWM command is sampled

once every simulation time step ∆t. Because the PWM
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Fig. 2: Input-voltage transient scenario: the converter regulates

a 28 V output while Vin steps from 36 V to 60 V (Zone 1)

and back (Zone 2).
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Fig. 3: Influence of a fixed simulation time step on the

converter output voltage during the input-voltage transients.

generator and the simulation kernel operate on independent

clocks, switching transitions occur at arbitrary positions within

each simulation interval, resulting in duty-cycle errors. These

errors generate discrete low-frequency sub-harmonics. This

phenomenon is known as the beating effect [9], which can

excite converter resonances and compromise controller valida-

tion [10]. Simply reducing the simulation time step shifts these

sub-harmonics toward higher frequencies without eliminating

them.

Figure 3 illustrates the simulated output voltage during the

two input-voltage transients (Zones 1 and 2) for four fixed

simulation time steps: 100 ns, 50 ns, 10 ns, and 4 ns. The ideal

variable-step result from Simscape is used as a reference. To

isolate the modelling error from the controller dynamics, the

PWM gate signals are generated by the variable-step Simscape

reference model and then replayed identically to each fixed-

step model. As a result, any discrepancy between the fixed-step

and reference waveforms originates solely from the numerical

discretization rather than from differences in the closed-loop

controller behavior.

This procedure also explains the steady-state offset observed

for the 100 ns and 50 ns models: because the switching events

are quantized to the simulation time step, the effective duty

cycle differs from the reference value, shifting the output
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Fig. 4: Inter-step state interpolation principle, adapted

from [14].

voltage away from the nominal 28 V. The offset becomes

much smaller at 10 ns and is nearly eliminated at 4 ns. More

importantly, at ∆t = 100 ns and 50 ns, severe beating-induced

oscillations make the simulation unsuitable for controller vali-

dation. Reducing the simulation time step to 10 ns, and finally

4 ns, progressively decreases the oscillation amplitude.

III. PROPOSED INTER-STEP PWM INTERPOLATION

A. Principle

The root cause of the beating effect is that a single switch

state is assigned to each simulation step of duration ∆t, re-

gardless of when within that step the PWM transition actually

occurs. If the transition happens at time τ ∈ (tn, tn+∆t), the

simulator either misses it entirely or applies it one full step

late. For fsw = 1 MHz and ∆t = 100 ns, this timing error

can reach 10% of the switching period.

The proposed method locates the PWM switching instant

with a 4 ns resolution by subdividing each simulation step

into N = ∆t/δt sub-intervals. The state equations are inte-

grated only once over ∆t, while the intermediate trajectory

is reconstructed by linear interpolation. The method builds

upon the two-stage interpolation principle of Sybille et al. [14].

Unlike the original floating-point implementation, which han-

dles multiple switching events iteratively, the proposed FPGA

implementation assumes at most one PWM transition per

simulation interval. This simplification eliminates the iterative

procedure, enables a fully pipelined deterministic architecture,

but limits the simulation time step to one PWM period.

The interpolation principle is illustrated in Fig. 4. Starting

from the state xk−1 at time t, the system value is first

propagated over the entire simulation interval assuming that

no switching occurs, yielding the state x∗

k
(upper green tra-

jectory). When a PWM transition is detected at time t0, the

state at the switching instant, xk0, is obtained by linearly

interpolating between xk−1 and x∗

k
. The converter topology is

then updated, and the system is integrated from t0 to t0+∆t,
producing the state xk1 (lower green trajectory). Finally, the

corrected state at the end of the original simulation interval
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Fig. 5: Offline assessment of the proposed interpolation

method: (a) Zone 1 and (b) Zone 2 overviews; (c) and

(d) Zoomed views (27.8–28.2 V) (resp. Zone 1 Zone 2).

xk is obtained by interpolating between xk0 and xk1. The

resulting solution accounts for the actual switching instant with

a 4 ns resolution while preserving the 200 ns integration step.

B. Assessment of the Proposed Method

Fig. 5 compares the proposed interpolated solver using main

simulation time steps of 200 ns and 1 µs against the direct

4 ns fixed-step solver and the variable-step Simscape reference.

As in the previous experiment, the PWM gate signals are

generated by the reference model and replayed in open loop to

all fixed-step models, ensuring that the observed differences

originate solely from the numerical simulation. Figures 5(a)

and (b) present the complete transient responses for Zones 1

and 2, respectively, while Figs. 5(c) and (d) provide magnified

views of the output voltage between 27.8 V and 28.2 V.

The zoomed waveforms reveal that the direct 4 ns simula-

tion exhibits a small steady-state voltage offset with respect

to the variable-step reference. In contrast, both interpolated

models almost perfectly overlap with the reference throughout

the transient and steady-state responses. Moreover, the 200 ns

and 1 µs interpolated responses are virtually indistinguishable,

despite the fivefold increase in the main simulation time step.

The 1 µs case corresponds to the largest main simula-

tion time step allowing at most one PWM transition per

simulation interval. These results demonstrate that accurately

reconstructing the switching instant preserves the accuracy

of the 4 ns reference while increasing the main simulation

time step by a factor of 250. Although equally accurate in

offline simulation, the 1 µs implementation is not retained for

HIL validation because the associated PWM-to-Vout latency

becomes undesirable for the aggressive bandwidth of the RL-

optimised controller. Consequently, the remainder of this paper

focuses on the 200 ns implementation.
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C. Circuit Equations

Both the direct and interpolated solvers implement the

same discrete-time state-space model. For a given switching

configuration σ, the state update is

xk = A
σ
xk−1 +B

σ
uk, (1)

where x and u denote the state and input vectors, respec-

tively. The state vector consists of the inductor current (iL)

and capacitor voltage (vC = Vout). Since the synchronous

buck converter has two switching configurations, two sets of

discrete-time state-space matrices are required.

The direct solver evaluates (1) using a fixed simulation time-

step of ∆tD = 4 ns. The interpolated solver instead uses a

simulation time-step of ∆tI = 200 ns and accounts for the

switching instant through the following sequence:

x
∗

k = A
σ1xk−1 +B

σ1uk, (2)

xk0 = (1− α)xk−1 + αx∗

k, (3)

xk1 = A
σ2xk0 +B

σ2uk0, (4)

xk = αxk0 + (1− α)xk1, (5)

where α ∈ [0, 1] denotes the normalized switching instant

within the simulation step and uk0 is the input vector sampled

at the switching instant.

D. FPGA Architecture

Fig. 6 presents the FPGA implementations of the direct

and interpolated solvers. The direct solver (Fig. 6.a) consists

of a single matrix–vector multiplication (MVM) stage imple-

menting (1). The sampled PWM signal selects the switching

Start/Stop

Data Logging

Vout

Vin

Buck @ 250 Mhz

Ethernet

PWM

Vin FF

Vout FB

STM32 @ 170 Mhz 

Controller @ 1 Mhz

Fig. 7: Experimental HIL setup for closed-loop validation.

configuration σ, which addresses the ROMs storing the corre-

sponding state-space matrices A
σ and B

σ . The MVM stage

updates state vector xk, and provides it as the solver output.

The interpolated solver (Fig. 6.b) extends the direct ar-

chitecture by cascading two MVM stages separated by two

interpolation stages. The PWM sampler, located upstream of

the solver, determines the normalized switching instant α
together with the switching configurations σ1 and σ2. These

quantities are provided as inputs to the solver and control the

sequence of computations described by (2)–(5). The resulting

state is stored for the next simulation step and simultaneously

provided as the solver output.

The normalized switching instant α is represented as an

18-bit fixed-point value. It is computed by the PWM sampler

as a running accumulator: at each δt = 4 ns sub-step, α is

incremented by 1/N = 1/50 for every sub-step during which

the PWM signal has been high (resp. low) since the beginning

of the main simulation step.

IV. EXPERIMENTAL RESULTS

A. HIL Experimental Setup

The experimental HIL setup is illustrated in Fig. 7. The

power converter model executes in real time on the NOA

Arch 1 platform [17], an open FPGA platform based on the

AMD/Xilinx Zynq UltraScale+ (XCZU5EV) featuring 14-bit,

125 MSPS digital-to-analog converters. The external controller

is implemented on an STM32G474 microcontroller [18], op-

erating at a PWM frequency of 1 MHz.

The STM32 generates the PWM gate signal, which is

transmitted to the NOA Arch 1 through its digital I/O interface.

The FPGA executes the real-time converter simulation and

returns the simulated input and output voltages to the micro-

controller through analog outputs, thereby closing the control

loop. The same analog signals are simultaneously monitored

using a digital oscilloscope for experimental observation. A

host computer is connected to the NOA Arch 1 through
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Ethernet to configure the experiment, start and stop the real-

time simulation, and log the measured data.

B. Closed-Loop HIL Validation with the RL Controller

The complete HIL chain is validated in closed loop using

the RL-optimised PI–FF controller of [16]. Figure 8 illus-

trates the behaviour of a conventional 100 ns direct solver.

Severe beating-induced oscillations are present throughout the

simulation, both during steady-state operation and following

the input-voltage transitions. The oscillation amplitude reaches

nearly 10 V around the nominal 28 V operating point for the

36 V input voltage and increases to approximately 18 V after

the transition to 60 V, making the HIL simulation unsuitable

for controller validation.

Figure 9 compares the responses obtained with the 4 ns

direct solver and the 200 ns interpolated solver. The left

column of Fig. 9 corresponds to the 36 V→60 V input-voltage

transition (Zone 1), whereas the right column corresponds to

the 60 V→36 V transition (Zone 2). The top row presents

the reference 4 ns direct solver, while the bottom row shows

the 200 ns interpolated solver. In both operating conditions,

the 200 ns interpolated solver closely reproduces the expected

closed-loop behaviour obtained with the 4 ns direct solver,

while completely suppressing the beating-induced oscillations

observed with the conventional 100 ns implementation.

These experimental results demonstrate that the proposed

interpolation enables reliable closed-loop HIL validation of

MHz-class power converters using a 200 ns simulation time

step, providing the same effective PWM timing resolution as

the 4 ns direct solver at a 50× larger simulation time step.

C. FPGA Resource Utilization

Table II summarizes the FPGA resource utilization of the di-

rect and interpolated solvers implemented on the NOA Arch 1

platform based on a Xilinx Zynq UltraScale+ (XCZU5EV-

2SFVC784I). The interpolated solver requires only a modest

1ms
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27.6V

(a) Zone 1: 4 ns direct solver.
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(d) Zone 2: 200 ns interpolated
solver.

Fig. 9: Closed-loop hardware-in-the-loop (HIL) validation.

The top row shows the 4 ns direct solver, while the bottom

row presents the 200 ns interpolated solver.

TABLE II: FPGA Resource Utilization and Accuracy on Zynq

UltraScale+

Resource Direct Solver Interpol. Solver Available

LUT 744 (0.6%) 1442 (1.2%) 117,120
FF 1079 (0.5%) 1790 (0.8%) 234,240
DSP 8 (0.6%) 25 (2.0%) 1 248
PWM resolution 4 ns 4 ns -
Time-step 4 ns 200 ns -
PWM-Vout Latency 4 ns 224 ns -
2-norm error Vout 0.087 % 0.225 % -
2-norm error iL 2.66 % 2.23 % -

increase in logic resources compared with the direct imple-

mentation. LUT and flip-flop utilization increase by approx-

imately 50%, while DSP usage rises from 8 to 25 blocks

to accommodate the additional arithmetic associated with the

interpolation stages. Despite this increase, the design still

occupies less than 2% of the available FPGA resources and

does not require any BRAM.

The reported PWM-to-Vout latency corresponds to the delay

between a PWM sampling on the main time-grid and the

availability of the updated converter state. For the interpolated

solver, the PWM interpolation stage introduces one simulation-

step delay before the switching instant can be identified. The

state-space solver itself is fully pipelined and produces a result

after six clock cycles at 250 MHz (24 ns). Consequently, the

total latency is 224 ns. By contrast, the direct solver is not

pipelined and produces updated states within 4 ns.

D. Accuracy Assessment

Table II also reports the relative 2-norm errors of the output

voltage Vout and inductor current iL with respect to the
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variable-step Simscape reference. Both solvers achieve errors

of the same order of magnitude, confirming that the 200 ns

interpolated solver preserves the accuracy of the 4 ns direct

solver. As expected, the error is larger for iL than for Vout,

since the inductor current is more sensitive to residual PWM

timing quantization.

Figure 10 further compares the inductor current before, dur-

ing, and after the first input-voltage transient. The 4 ns direct

and 200 ns interpolated solvers produce nearly identical wave-

forms and exhibit the same small offset with respect to the

reference after the transient. This common offset results from

the residual 4 ns PWM timing quantization rather than from

the interpolation method or the fixed-point implementation,

confirming that the proposed interpolated solver introduces no

additional modelling error.

V. CONCLUSION

This paper presented an inter-step PWM interpolation

method for the real-time FPGA simulation of high-switching-

frequency power converters. By reconstructing the PWM

switching instant within each main simulation step, the pro-

posed approach suppresses the beating effect without requiring

a reduction of the simulation time step. The method was

assessed on a 1 MHz synchronous buck converter equipped

with a reinforcement-learning-optimised controller, showing

that the accuracy of a 4 ns direct solver can be preserved

with a 200 ns main simulation time step in real-time HIL, and

up to 1 µs in offline simulations. The FPGA implementation

requires only a modest increase in hardware resources while

maintaining deterministic real-time execution, demonstrating

that accurate PWM timing reconstruction offers a practical

alternative to continuously reducing the simulation time step

in HIL simulations of MHz-class power converters.
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