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Abstract— This paper presents a Hybrid Hardware-in-the-
Loop (H-HIL) framework that bridges the gap between SIL
simulations and full HIL configurations. By integrating a
Typhoon HIL 602+ real-time simulator with a dSPACE DS1104
controller via analog I/0O interfacing, the framework achieves a
unique balance between computational flexibility and hardware
realism. The framework is validated on a modified IEEE 9-bus
microgrid with renewable integration. The results show that
analog delay and noise introduce hardware-dependent transient
behaviors: deeper frequency dip, voltage overshoot, and post-
fault oscillations that pure SIL cannot predict. In addition,
the flexible structure of the framework allows standalone
components to be added between the emulated plant and
controller domains, enabling rapid prototyping of subsystems
under realistic operating conditions.
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I. INTRODUCTION

The growing use of renewable energy systems makes
control design and testing more complex and harder to handle
with conventional frameworks [1], [2]. While Software-in-
the-Loop (SIL) simulations are commonly used for controller
prototyping, they often miss analog-domain effects such as
measurement latency, sensor noise, and interface delay, all of
which can significantly affect closed-loop performance [3],
[4]. HIL testing improves testing accuracy by coupling a
simulated environment with physical hardware components.
Conventional HIL approaches are typically categorized as
Controller-HIL (C-HIL), where a real controller interfaces
with a simulated plant, and Plant-HIL (P-HIL), where a
simulated controller interacts with a physical power plant [5].
Although these methods achieve high experimental accuracy,
they require finalized hardware prototypes and complex
protection mechanisms, making them harder to use at early
stages of design and algorithm-level validation.

To address this gap, a Hybrid Hardware-in-the-Loop (H-
HIL) framework is proposed that closes the gap between
SIL and full HIL in both theory and practice. Fig. 1 shows
how the H-HIL concept uses analog I/O interfacing and real-
time computation to mimic both the plant and controller
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Fig. 1: Conceptual hierarchy of SIL, H-HIL, and traditional
HIL frameworks. H-HIL occupies an intermediate position:
both the plant and controller are emulated on real hardware
platforms and coupled via analog I/O, enabling hardware-
realistic interaction without requiring finalized embedded
controllers.

domains. This captures key analog characteristics such as
delay, phase lag, and noise without requiring the final em-
bedded controllers. The setup supports early-stage, hardware-
aware testing by integrating a Typhoon HIL 602+ real-
time simulator and a dSPACE DS1104 controller board,
connected via analog 1/0.

Another advantage of the H-HIL setup is its flexibil-
ity. Since the plant and controller domains are connected
through standard analog I/O interfaces, hardware or soft-
ware components can be added between them for indepen-
dent testing. For example, communication modules, signal-
conditioning circuits, sensor emulators, cybersecurity layers,
fault-detection algorithms, or Al-based decision systems can
be tested within the closed-loop environment without needing
a finalized physical controller or plant. This makes the H-HIL
framework useful beyond just controller testing — it also



supports component-level checks, integration testing, and
early-stage prototyping under realistic real-time conditions.

Fig. 1 shows the classification of SIL, H-HIL, and tra-
ditional HIL approaches, highlighting the unique position
of H-HIL as a hybrid framework in which both domains
are mimicked through real-time analog interfacing. Fig. 2
summarizes how computational complexity, sampling time,
and hardware realism change across these testing levels.
Prior work from the same lab has demonstrated real-time
HIL testbeds for large-scale power system analysis [13]—
[15] and FPGA-in-the-loop (FIL) testing of grid-forming
inverters [16], building the hardware infrastructure and test-
ing methodology on which the present H-HIL framework is
based.

Fig. 2: Comparison of SIL, FIL, and HIL validation frame-
works, illustrating trade-offs between flexibility, computa-
tional delay, and real-time hardware realism.

II. REAL-TIME SIMULATION CONFIGURATION

This section describes the hardware setup of the testbed,
designed to test power system dynamics and control strate-
gies in a closed-loop framework. The setup uses the Typhoon
HIL 602+ and dSPACE DS1104 platforms, with each plat-
form serving a distinct role in simulating and controlling
the microgrid, as shown in Fig. 3. The subsections below
describe what each platform does, how signals are exchanged
between them, and how the two work together to closely
match the behavior of a real-world power system.

A. Typhoon HIL 602+ Configuration

The Typhoon HIL 602+ is used to simulate the microgrid
power network: the standard IEEE 9-bus model is set up
with two synchronous generators replaced by an equivalent
photovoltaic (PV) array and a wind turbine to represent a
renewable-rich scenario. The model includes transmission

Fig. 3: Real-time testbed interconnection between Typhoon
HIL 602+ and dSPACE DS1104.

lines, loads, and power electronic inverters, and runs in real
time on FPGA-based hardware that solves circuit equations
at high speed. The simulator gives real-time readings of bus
voltages, line currents, and active/reactive power flows and,
because no physical power hardware is needed, it allows safe
testing of rapid load changes and fault conditions. This high-
accuracy real-time environment is therefore a good fit for
testing control strategies under realistic grid dynamics [3],
[6].

Real-time signals (voltages, currents, and power flows)
are sent from the Typhoon HIL simulator to the dSPACE
DS1104 controller via analog I/O to create a closed-loop
testbed where control actions are updated based on measured
feedback. The measured end-to-end delay in a typical setup
was 20 ms, calculated via dSPACE timestamps; however,
dSPACE execution time can increase as controller complex-
ity or signal path length grows. A 20 ms delay is significant
for fast loops such as phase-locked loops (PLLs) or primary
droop control, as it reduces phase margin and can cause
delayed responses, increased overshoot, oscillations, or even
instability. As a result, delay-aware tuning, compensation
(e.g., predictive or feedforward elements), or faster I/O
processing chains should be considered when testing high-
bandwidth control loops in the H-HIL environment.

B. dSPACE DS1104 Configuration

The microgrid’s master controller runs on the dSPACE
DS1104 real-time board using C code and a standard PI
controller. Its main job is to control the active and reac-
tive power output of Distributed Energy Resources (DERS)
to maintain voltage and frequency stability in both grid-
connected and islanded modes. In islanded mode, one DER
(e.g., a battery inverter) operates in grid-forming mode
while the others follow the grid. The controller continuously
receives measurements from the grid model running on
Typhoon HIL 602+ including power output (Ppcc, @pcc) and
grid frequency and computes updated target values for each
DER [3].

Frequency and voltage regulation is performed using clas-
sical droop control equations [8]:

— Prer) (1)
Vref = Vnom + AVoff - KQ (Qmeas - Qref) (2)

Wref = Wnom + AW()ff - KP(Pmeas



where Kp and K¢ are the frequency and voltage droop
coefficients, respectively, and the offset terms Aw,g and
AVyg are used for secondary control adjustment. A power-
balancing PI controller is layered on top of this to drive Ppcc
and Qpcc toward zero by computing correction signals:

t
Pot(t) = Kpp(—Ppcc) + KiP/ (=Pecc)dr  (3)
0

t
Qott(t) = Kpq(—Qrpcc) + KiQ/O (—Qpcc)dr  (4)

It is worth noting that the droop controller includes a
secondary (integral) control layer via the PI correction terms
Py and Qo which brings the steady-state frequency back
to 60 Hz after a load step. The primary droop action causes
a short-lived frequency drop proportional to the load change;
the integral layer then removes this steady-state error. As a
result, the frequency fully recovers to 60 Hz after the 10%
load step in Fig. 6, which is the expected behavior of the
two-level control structure used here.

With this approach, DER target values react to grid distur-
bances in real time. In grid-connected mode, the controller
tracks power flow without actively regulating; after islanding,
it adjusts Pr and Qe using the computed offsets to stabilize
the system and maintain power balance.

C. Alternative Grid-Forming Control Strategies

Beyond droop-based control, other grid-forming (GFM)
strategies such as Virtual Synchronous Machine (VSM)
control and Dispatchable Virtual Oscillator Control (dVOC)
can also be used within the H-HIL framework [11], [12].

1) Virtual Synchronous Machine (VSM): VSM control
copies the behavior of a synchronous generator by adding
virtual inertia and damping, which improves frequency sta-
bility during disturbances. The governing equations are:

Mw = (P* — P) — D(w — wp) 5)

VE=Vo —ng(Q-Q7) (6)

where M = % is the virtual inertia, H is the inertia
constant, Syom is the rated apparent power, D is the damping
constant, and m,,, n, are droop coefficients.

2) Dispatchable Virtual Oscillator Control (dVOC):
dVOC is inspired by nonlinear oscillator synchronization,
programming inverters to behave as weakly nonlinear oscil-
lators. It synchronizes rapidly without PLLs while reducing
to droop-like behavior in steady state. The dynamics are:

. 2
V= n( - vV - L Q-9 ()
0 —w=wp— —21_(P_p (8)
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where 1 and n are design parameters controlling the ampli-
tude restoration speed and the power-angle coupling strength,
respectively.

D. Interconnected H-HIL Configuration

The core of this testbed is the interconnection through
which signals are exchanged and real-world imperfections
are introduced, making the simulation more realistic. Analog
output channels send power measurements from the Ty-
phoon HIL simulation to the dSPACE DS1104 analog inputs.
The dSPACE board digitizes these measurements internally,
which the control algorithm then uses to compute new
reference commands. The updated active and reactive power
target values (P, Qrer) are then sent back to the Typhoon
HIL analog inputs via dSPACE analog outputs. This closed-
loop setup ensures that Typhoon HIL receives control signals
just as they would be generated by a real controller, allowing
hardware-aware testing of microgrid control strategies under
realistic conditions [9].

The limitations of the proposed setup include: (i) scaling
to larger networks is limited by the number of available
analog I/O channels; (ii) the analog interface introduces
a fixed delay that may not match all physical hardware;
and (iii) purchasing both Typhoon HIL 602+ and dSPACE
DS1104 platforms costs more than pure SIL, though it is still
much cheaper than full C-HIL or P-HIL setups.

III. VALIDATION METHODS

A baseline is first set up using a Typhoon-only real-time
simulation mode, referred to as real-time Software-in-the-
Loop (RT-SIL). In this setup, the Typhoon HIL 602+ platform
runs the modified IEEE 9-bus microgrid model on its own,
with PV and wind turbine units replacing two traditional syn-
chronous generators, the master controller running entirely
in software, and no analog I/O interface in use.

Two categories of benchmark tests are performed:

1) Step-Load: Step changes of +10% are introduced in
both active (P) and reactive (Q) power demand to eval-
uate the controller’s capability to maintain frequency
and voltage regulation.

2) Fault: A line-to-line (L-L) fault is applied between
buses 4 and 5 for a duration of 0.5 s to assess dynamic
response and fault-clearing performance.

Fig. 4: Experimental setup in the E-MC? Lab used for
validating microgrid control performance in real time.



Note on data resolution: The simulation data exported from
Typhoon HIL and dSPACE was logged at 0.5 s intervals due
to storage constraints during real-time execution. While this
resolution is sufficient to observe the primary transient events
(frequency minimums, voltage dip, and post-fault recovery),
finer transient dynamics such as sub-cycle oscillations are
not fully resolved in the presented waveforms. Future ex-
periments will employ higher-frequency logging to capture
sub-second transient behavior more completely.

IV. RESULTS AND DISCUSSION

The modified IEEE 9-bus microgrid model used in the
experiments is depicted in Fig. 5, with PV and wind sources
replacing two traditional synchronous generators. Under two
test scenarios (1) a 10% step increase in active/reactive power
(PQ load) and (2) a line-to-line (L-L) fault the controller is
evaluated for its ability to maintain a nominal frequency of
60.0 Hz and a per-unit voltage of 1.0 pu at the point of
common coupling (PCC).

Fig. 5: Modified IEEE 9-bus microgrid model used in SIL
and H-HIL simulations, with PV and wind sources replacing
two synchronous generators.

A. Variable PQ Load

Load changes put the system under pressure and test the
controller’s dynamic response. At ¢ = 20 s, active power
demand increases by 10%. Fig. 6 shows that both SIL and
H-HIL show a frequency dip; however, H-HIL (red) shows a
deeper dip and slower recovery than SIL (blue), due to analog
signal delays in the control loop. The added delay mimics
the real-world delay from measurement, computation, and
actuation. As described in Section II-B, the two-level droop-
plus-PI controller includes secondary integral action that
restores the steady-state frequency to 60 Hz; the deeper H-
HIL dip reflects the delayed fault detection introduced by the
analog interface.

At t = 46 s, reactive power demand increases by 10%. As
shown in Fig. 7, both systems experience a voltage dip to
approximately 0.94 pu. SIL recovers smoothly to 0.98 pu.

Fig. 6: Frequency response for a 10% step increase in active
power load at ¢ = 20 s.

Fig. 7: Voltage response for a 10% step increase in reactive
power load at { = 46 s.

B. Line-to-Line (L-L) Fault

A line-to-line (L-L) fault is introduced between buses 4
and 5 at £ = 26 s and cleared at ¢ = 26.5 s. Fig. 8 shows
that both setups experience a frequency dip. SIL bottoms out
near 58.5 Hz, while H-HIL dips to approximately 55.0 Hz
and shows stronger oscillations due to delayed fault detection
and analog-induced phase lag.

Fig. 9 shows voltage recovery after fault clearance. SIL
returns to nominal voltage with minimal overshoot. H-HIL,
however, overshoots above 1.3 pu before settling, caused by
delayed fault-clearance recognition in the analog interface.
The 1.3 pu overshoot seen in H-HIL is an artifact of the
analog interface delay rather than a physical instability; in
a real deployment, protective relay thresholds would need
to account for such short-lived voltage spikes introduced by
measurement and actuation delays.

Fig. 10 summarizes the experimentally measured SIL
and H-HIL performance metrics under both load and fault
conditions.

V. CONCLUSION

This paper presented an H-HIL framework that closes the
gap between SIL simulations and full HIL configurations. By
integrating a Typhoon HIL 602+ real-time simulator with a
dSPACE DS1104 controller through analog I/O interfacing,
the framework achieves a good balance between computa-
tional flexibility and hardware realism.



Fig. 8: Frequency response during a line-to-line fault between
buses 4-5 (t = 26-26.5 s).

Fig. 9: Voltage recovery following line-to-line fault clear-
ance.

The key contributions are: (1) a formal definition of H-HIL
as an intermediate testing level; (2) a working testbed com-
bining Typhoon HIL 602+ and dSPACE DS1104 via analog
I/O; and (3) measured proof that analog delay and noise
introduce hardware-dependent transient behaviors: deeper
frequency dip, voltage overshoot, and post-fault oscillations
that pure SIL cannot predict.

In addition, the flexible structure of the H-HIL framework
allows standalone components to be added between the
emulated plant and controller domains. As a result, individual
modules such as communication interfaces, protection relays,
estimation algorithms, Al agents, or embedded devices can
be tested independently without needing the complete con-
troller or the full physical plant. This lets developers check
subsystem functionality, interface compatibility, and real-
time performance at an early stage of development, which
reduces integration risks and speeds up system deployment.

These results show that H-HIL is a practical middle-
ground testing step, giving engineers a controlled setting
to find hardware-dependent issues before building physical
prototypes. The framework is hardware-aware, software-
flexible, and affordable, making it suitable for both research
and teaching in power electronics and microgrid labs. Future
work will include communication-delay simulation, experi-
mental testing of the VSM and dVOC strategies presented in
Section II-C, and higher-resolution data logging to capture
sub-second transient behavior. Beyond microgrids, the H-
HIL approach has potential as a single testing framework
for embedded control systems in other application areas.

Fig. 10: Summary of experimentally measured SIL and H-
HIL performance under load step and fault conditions.
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