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This paper presents a new configuration of 400 Hz inverters designed for
ground power units (GPU) in the aerospace field. In this model, instead of
using rectifiers fed by the AC electric grid, a lithium battery system is
employed due to its advantages, especially in improving the flexibility and
reliability of the power supply. A model predictive control (MPC) strategy
with the extended cost function is proposed for the current loop, which is
expected to restrict the DC current avoiding the battery overcurrent that causes
the system interrupted by the battery management system (BMS), improving
the overall system dynamic. The mathematical relationship between battery
current and inductor current has also been derived to support the design of the
MPC controller. A proportional resonant (PR) controller is performed for the
outer loop to control fundamental voltages, and compensate for the harmonic
distortions. A comprehensive simulation model is initially created in the
MATLAB environment and subsequently validated through hardware-in-the-
loop (HIL) testing to assess the performance of the proposed control
technique. The results obtained demonstrate the effectiveness of the control
scheme in terms of DC-link battery current being controlled at an acceptable
value, high-quality voltage is provided at the output with harmonic distortions
compensated by PR controller.
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1. INTRODUCTION

The airline industry has seen significant growth in both civil and military areas in recent time. Airport
regulations now mandate the use of external power units to energize aircraft while parked, aimed at minimizing
noise and reducing air pollution. This has led to a continuous increase in demand for ground power units (GPUs),
which provide external power to aircraft when they are stationed at the airport. The typical voltage requirement
for GPUs is 115 V RMS at a frequency of 400 Hz. A primary objective in GPU design is to maintain the total
harmonic distortion (THD) under 2.5%, even when powering unbalanced and nonlinear loads [1].

Traditionally, GPUs have been constructed with an input AC-DC converter, an inverter, a transformer,
and output filters. Even so, this conventional approach results in a bulky, heavy, and difficult-to-install system.
Additionally, the rectifier input stage requires complex filtering to mitigate harmonic distortions. To address
these drawbacks, the proposed GPU design in this paper replaces the traditional rectifier input with a lithium
battery system. This change enhances the system's flexibility and reliability. Furthermore, the output filter
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inductor is integrated into the isolated transformer's leakage, which helps reduce the overall weight and volume
of the GPU system [2].

One significant limitation of a lithium battery-powered inverter is that the DC overcurrent is controlled
by the BMS. If the DC current exceeds a certain threshold, the BMS will automatically shut down the DC
power supply to protect the battery cells [3]-[8]. The reason for this is that lithium-ion batteries are sensitive to
overcurrent, which can lead to overheating, thermal runaway, and potentially even fire or explosion [9]-[12].
This means that the inverter will lose its power source and will no longer be able to function, potentially leading
to a disruption in the power supply. By addressing this critical limitation, a control system design is required
that can maintain reliable and uninterrupted power supply, even in the face of temporary overcurrent
conditions. This is a significant focus area in the ongoing efforts in this research to improve the proposed
lithium battery-powered GPU's performance and safety. Controlling the DC current directly is complicated, an
effective approach is to manage the load current indirectly by maintaining the inductor current. To successfully
apply this control strategy, it is essential to define the relationship between the lithium battery current and the
inductor current. The primary contribution of this study is the formulation of a mathematical equation that
illustrates the connection between the lithium battery current and the inductor current, along with the inverter
switching state, which serves for the current control loop design in this paper, and for other research directions
on controlling the DC overcurrent for battery-powered inverter.

Currently, several control methods have been developed for inverters. Among the most common are
single-loop control and cascade-loop control. The single loop control method [13]-[18] is characterized by its
straightforward design of control parameters, and its implementation is relatively low-cost as it requires only a
single voltage sensor. But, the primary disadvantage of single-loop control is its susceptibility to instability and
its inability to regulate current. As a result, output voltage is vulnerable to shut off state, due to the DC battery
overcurrent, when considered to the proposed GPU in this paper. To address these issues and enhance robustness
while providing immunity to disturbances and current protection, cascade loop control is more advantageous. In
contrast to single loop control, cascade loop control incorporates an additional inner loop, typically the inductor
current loop. The inductor current is monitored and utilized to regulate the duty cycle [19]-[21].

The model predictive control (MPC) technique is a straightforward and effective approach that relies on
the model of the controlled system to forecast its future behavior and determine the optimal control action based on
a defined optimality criterion. This strategy leverages the inherent discrete nature of power converters and the limited
switching states to address optimization problems by predicting system behavior solely for those feasible switching
states [22]-[31]. Each prediction is then used to assess a cost function, allowing for the selection of the state with the
lowest cost to be executed [26]-[31]. Additionally, it offers several appealing features, including design simplicity,
rapid dynamic response, and the capability to incorporate nonlinearities and constraints into the controller design.
Furthermore, the MPC strategy eliminates the need for a pulse width modulation (PWM) modulation stage and
facilitates the inclusion of constraints in the MPC cost function to achieve specific control goals.

The secondary contribution of this research is the introduction of a novel current control scheme that
maintains the inductor current within the desired operating range, to proactively manage the DC current to stay
below the threshold value that would trigger the BMS to shut down the system. In order to implement effective
control over the overcurrent condition, there is a trade-off that must be reached between maintaining the output
voltage quality and the ability to limit the current. This reflects the challenge in designing the control system,
as there is a balance that needs to be struck between these two competing objectives - high-quality output
voltage and robust overcurrent limitation. To manage this trade-off, the MPC approach has been chosen as the
control method, whose cost function has been expanded to include the DC current constraint. For the voltage
loop, a traditional PR controller with a phase delay compensation technique has been applied due to its high
performance in achieving zero steady-state tracking error, and compensating for harmonic distortion [32], [33].

2. DC OVERCURRENT PROTECTION TECHNIQUE BASED ON MPC
2.1. Lithium-ion battery equivalent circuit

Lithium-ion battery circuit model depicted in Figure 1 comprises three components: i) the internal
ohmic resistor Rg; ii) a parallel arrangement of a resistor and capacitor, Cp//Rp, where Rp represents the
equivalent polarization resistance and Cp denotes the equivalent polarization capacitance, which is utilized to
model the battery’s transient behavior during charging and discharging events; and iii) the open-circuit voltage
voc(h(t)), which is a nonlinear function dependent on the state of charge h(t). The current is treated as the
control input, while the terminal voltage is regarded as the output measurement [34]. Based on Kirchhoff’s
law, the above circuit dynamic equation is derived as (1).

0y (&) = Doc (h(£)) = Rl (£) — D (t)
av 1

" 1.
" ooy 2o + 1 (6)
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Figure 1. The lithium-ion battery equivalent circuit

2.2. MPC current loop control design
The overall control structure is shown in Figure 2. The inverter dynamic equation is provided as (2).

Vi (8) = 1, (8) + LEED 1 0, () 0]

In which, vi,, (t) is H-bridge output voltage, 7y, is inductor resistance. With Si(t), Sx(t), Sa(t), S.(t) are state
of valves, the switching state function can be expressed as (3).

d() = S1(£)S4(6) — S2(6)S3(¢) @)
The inverter output voltage can also be expressed as (4).

Viny () = ()0 () 4)
Apply the Euler approximation, as in (5).

di;t(t) ~ L'L(k+1T)S—iL(k) (5)

Substitute (5) to (2), leading to (6).

ik + 1) = (1= %) iy (k) + 2 [w () — v, ()] ©)
Or, asin (7).
2 i () = i, ( + 1) = (1= 2) i, (k) + 2w, (k) @)

Which can be rewritten as (8).

Uiy (K) = [i1Ce + 1) = (1= 22) 1, () + 20, (0| (8)
From (1), it can be derived as (9).
ib (k) — ﬁoc(h(k))_::(k)_ﬁb(k) (9)

From (8) and (9), the input DC battery current can be estimated as (10).

. Boc(h(k) =0 ()i (k+ D)= (1-"5)in () + T200 () f- 4000
ip(k) = (10)

Rs

In which, V; (k) is a state function, which can be -1, 0, or 1. All possible switching states and corresponding
voltages are provided in Table 1.
Finally, the cost function g can be formulated as (11).

g =1liik) — iy(k + DI* + 2 (11)
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In which, 1 is the weighting factor, which is defined as (12).

{

A=0 fori,(k)<I;

A=

else

(12)

In this context, i} (k) represents the reference current, while I; denotes the maximum discharge current of the
lithium battery, which is specified as 130 A for the proposed battery system.

+

Voelh(t) "=

Figure 2. The power system with lithium battery is expressed by its equivalent circuit
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Table 1. The possible switching states

Gatestates S; S, S; Sia o) Vo
State 1 1 0 1 O 0 0
State 2 0 1 o0 1 0 0
State 3 1 0 0 1 1 Vdc
State 4 0 1 1 0 -1 -Vdc

Figure 3 indicates the distribution of the DC current in H-bridge circuit, with the red line representing
the DC current drawn from the battery to the load, and the blue line representing the DC current returning from
the load to the input DC capacitor, during the two halves of the output voltage cycle across the load. The
diagram in Figure 4 depicts the process of the proposed MPC current loop. By utilizing the measured values
of the filter current i_(k), inverter output voltage vin(K), and output voltage vo(k), MPC algorithm calculates
the predicted value of the inductor current i (k+1) for all possible switching state scenarios. Additionally, the
DC battery current i, (k) is estimated for each switching state, as shown in Table 1. Subsequently, an extended
cost function is evaluated to determine the optimal switching state. The optimal switching state is then
implemented in the subsequent sampling period, with the switching pulses generated by the MPC according to
the chosen switching state.
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Figure 3. The DC current drawn from battery system
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Figure 4. Flowchart of MPC control

3. OUTER LOOP VOLTAGE CONTROL DESIGN
3.1. Discrete resonant controller with phase compensation technique
The continuous time PR controller function is as (13) [32].

cos(04)s—hwq sin(64)
GEr(s) = 2K, + Ky ——5 (hZ‘;)Z d (13)

In which K; is resonant gain and 6q4 refers to the angles used to adjust the phase delay. Each phase of the
compensator can be modified by varying 64 in (13). In this research, 6 is determined based on the phase angle
of the system's open-loop frequency response. Finally, by applying zero order hold (ZOH) transform, a discrete
model of the PR controller can be obtained as (14).

GgR (2) = 2Kp + KT, [cos(8q)—hwoTs sin(6 3)]z—cos (6 4) (14)

22+ (h*w3T2-2)z+1
With the sampling frequency is 18 kHz, the discrete fundamental PR controller function is as (15).

0.78542%-1.5182+0.7468
22-1.981z+1

G (1) = (15)

To assess the relative system stability, the Bode diagram of the closed-loop transfer function is
obtained under no-load conditions. It is important to note that the no-load condition typically represents the
worst-case scenario, as the system exhibits its lowest damping value. Figure 5(a) depicts the system response
when the fundamental PR controller is applied. It can be observed that the system achieves satisfactory gain
and phase margins, and the resonance is located at approximately 400 Hz, which is the desired frequency.

The system frequency response is continued to investigated in the case of third order harmonic
compensator is implemented to the PR controller. Firstly, the third-order PR controller function can be easily
obtained by substituting h = 3 to the (14), which can be expressed in (16).

0.08365z—0.1564
z2-1.825z+1

Ghr(3) = (16)
It is shown by Figure 5(b) that when the 3rd harmonic compensator is added, the system stability remains, with

the gain and phase margin still good, and the resonance peak is close to 400 Hz and 1200 Hz as expected.
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Figure 5. System frequency response: (a) fundamental controller and
(b) with 3rd harmonic compensator added

4. A CASE STUDY
4.1. The GPU parameters

To assess the feasibility of the proposed approach, simulations are conducted using
MATLAB/Simulink and HIL techniques. System parameters provided in Table 2 are utilized for the subsequent
analyses. The results of the simulations will be discussed in the following section.

4.2. Simulation results

MATLAB simulations the initial simulation scenario features a linear load, utilizing only the
fundamental PR controller for the voltage loop. As depicted in Figure 6, the output voltage is maintained at the
desired setpoint value within 0.01 seconds, with excellent synchronization, suggesting that the steady-state
error is near zero. The THD content is kept at sufficiently small value, which is just 1.03%.

The next simulation investigates the system response under no-load conditions. The THD of the output
voltage is 1.29%, as illustrated in Figure 7, where only the fundamental PR controller is utilized for the outer
voltage loop. Additionally, similar to the previous simulation, the impact of harmonics on the output voltage
is sufficiently minimal in this case, indicating that harmonic compensation controllers are unnecessary within
the PR controller.

Table 2. System parameters

Parameter Value
DC voltage 400 V
Filter inductance 200 pH
Filter capacitance 25 uF
Inductor resistance  0.02 Q
PWM frequency 18 kHz
Frequency 400 Hz

The proposed control system is further examined for the switching load condition, where the full load
is connected at 0.055s. The results shown in Figure 8 demonstrate the fast recovery of the output voltage and
inductor current under the load change. Despite the load transition, the output voltage THD remains at 1.62%,
and the high-order harmonic components are minimal, even without the use of harmonic compensators. This
indicates the effectiveness of the proposed control system in maintaining a stable and high-quality output under
dynamic load conditions.
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Figure 6. Voltage, current, and THD content under the linear load condition
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Figure 7. Output voltage and THD content under the no-load condition
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Figure 8. Output voltage and THD content under the switching load condition

The MATLAB simulation is also set up for the case of a nonlinear load, which includes a full-bridge

diode rectifier with a 1.09Q resistive load connected to a 25 pF filter capacitor at the output. As shown in
Figure 9, the output voltage reaches the reference value in just 0.05 s. The output voltage is maintained at
2.37%, which is within the 2.5% requirement specified by the 1SO standard. With the inclusion of a 3™
harmonic compensator, the 3" harmonic component is reduced to under 1%. However, the 5™ and 71" harmonic
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components remain relatively high, leading to a slight deviation in the output waveform near the zero-crossing
point. This harmonic distortion can be further compensated by designing higher-order harmonic compensators
in the voltage control loop.

The results under battery overcurrent due to an overload are shown in Figure 10. The scenario
simulates a 200% overload condition occurring from 0.05s to 0.06s, which causes a short-time overcurrent.
The results reveal the fast response of the MPC controller in limiting the current. Even though the output
voltage drops to a low level for around three cycles, it remains continuous. The recovery time in this case
depends on the magnitude of the overcurrent.
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Figure 9. Output voltage and THD content under the nonlinear load condition
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Figure 10. Output voltage and current under the short-time overcurrent condition

Finally, the proposed control system is evaluated in the case of a short-circuit fault at the output, which
leads to a dramatic increase in the inductor current. In response, the MPC controller rejects all switching states
that would cause the inductor current, and consequently the DC battery current, to exceed the threshold value.
As shown in Figure 11, the output voltage waveform is distorted during the overcurrent period, but it remains
continuous. The DC battery current is limited at the value below 130 A as depicted in Figure 12. This validates
the effectiveness of the proposed control system in handling short-circuit conditions effectively.

HIL simulations the proposed control system performance is next evaluated through a real-time
system by utilizing a Typhoon HIL device. The setup for the HIL simulation is illustrated in Figure 13. The
first HIL simulation is conducted for the case of a linear load. As shown in Figure 14, the output voltage
deviations are almost negligible, and the THD content is maintained at a remarkably low level of 1.66%,
indicating a high-quality output voltage. The harmonic components are small, so harmonic compensators are
not necessary in this linear load scenario.
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Figure 13. Typhoon HIL simulation setup

Figure 15 shows the simulation results under nonlinear load conditions, represented by a diode bridge
rectifier in connection with a filter capacitance 50 pF, supplying a resistive load. With the 3 harmonic
compensation is in use, the output THD now is up to 1.73%, which still satisfies the design requirement.
Harmonic distortion can be seen in output voltage, but just a little, the waveform is considerably sinusoidal.

Finally, the system's response in the case of a short circuit is simulated and verified. In the scenario
where a short-circuit occurs at the load side, the inductor current will increase rapidly, along with the DC current
drawn from the Lithium-ion battery source, which will also rise to a large value. As can be observed in Figures
16 and 17, the MPC controller optimizes the battery current, acting to eliminate the switching states that would

Int J Pow Elec & Dri Syst, Vol. 16, No. 1, March 2025: 472-484



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 481

cause the DC current to increase beyond the allowable threshold, and selects the optimal switching states to
optimize the objective function, limiting the inductor current, and thereby restricting the DC current drawn from
the battery to a value below the threshold value. Figure 18 shows the continuity of the output voltage, even
though a short-circuit, the power supply is not interrupted, and the output voltage is maintained at a minimum
value until the system is restored to normal operation when the short circuit fault is cleared, significantly
improving the system's operating performance and confirming the superiority of the proposed control structure.
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Figure 14. Output voltage and THD results under the linear load
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5. CONCLUSION

A novel cascade loop control design is proposed for a Lithium-battery-powered 400 Hz GPU, in this
paper. Specifically, the inner current control loop is designed using the MPC algorithm, with the main objective
of limiting the DC current drawn from the lithium battery system, through the stabilization of the inductor
current, which ensures the maintenance of a continuous output voltage, even in the event of overcurrent or
short-circuit at the load side, thereby improving the quality of the power supply. To achieve this, an equation
representing the relationship between the inductor current and the input DC current is established. An extended
cost function is introduced to select the switching states that balance the minimization of the inductor current
error and the limitation of the DC current within the allowable threshold. The PR control algorithm is selected
for the outer voltage control loop, due to its effectiveness in stabilizing the output voltage, especially in the
presence of harmonic distortion caused by nonlinear loads. The simulation results performed in MATLAB and
HIL platforms prove the effectiveness of the proposed control system.
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