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Abstract

This article discusses the development of a control system for an electric propellant pump
for a light-lift launch vehicle. The relevance of this work stems from the need to create
compact and energy-efficient propellant supply systems capable of ensuring stable opera-
tion within the weight, size, and energy resource constraints of onboard equipment. The
research object is presented as a single electromechanical-hydraulic system comprising
an electric drive, a pump unit, a hydraulic circuit, and a digital control system. A math-
ematical model of the electric pump unit is developed, its numerical parameterization
is performed, and a cascade control structure with a feedforward channel is proposed.
A series of computational experiments are conducted, including an analysis of transient
processes during pressure target changes, a study of the system’s response to hydraulic
disturbances, and a robustness assessment under parameter uncertainty. It is established
that the proposed control system provides higher response speed, a smaller integral control
error, and better resistance to external disturbances compared to a classical cascade PI
structure. The obtained results confirm the potential of the proposed approach for electric
pump units for fuel supply of ultra-light launch vehicles.

Keywords: ultra-light launch vehicle; electric propellant pump; control system; cascade PI
control; numerical modeling; transient processes

1. Introduction

Modern developments in space technology are characterized by a steadily growing
interest in small and ultra-light launch vehicles, focused on delivering lightweight payloads,
rapidly accessing orbit, and reducing launch costs. Under these conditions, compact and
energy-efficient propellant delivery systems capable of providing an acceptable balance
between weight, reliability, complexity, and controllability of the propulsion system are
particularly relevant. One of the most promising areas in this area is the use of an electric
pump delivery system, in which the pump is driven by an electric motor rather than a gas
turbine unit. As demonstrated in [1], an electrically driven pump system can be considered
a competitive alternative to traditional gas generator systems, particularly in applications
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where layout simplicity, a reduction in the number of auxiliary components, and the ability
to flexibly adjust the engine operating mode are critical.

Recent studies [2-6] confirm the practical relevance of electrically driven pump-fed
propellant systems for small launch vehicles and show that control quality strongly depends
on the coupled dynamics of the electric drive, pump, and hydraulic line. However, studies
focused specifically on control-oriented modeling and comparative controller analysis
for ultra-light launch vehicles remain limited. Therefore, the objective of this study is to
develop a mathematical model and control system for an electric propellant pump for an
ultra-light launch vehicle, followed by a numerical evaluation of its dynamic characteristics
in transient and disturbed modes.

The novelty of the study lies in the use of a unified electromechanical-hydraulic model
for synthesizing and comparing cascaded control strategies for pressure regulation under
command and disturbance variations.

In contrast to conventional industrial pumping systems and larger rocket propulsion
applications, the considered ultra-light launch vehicle case is characterized by a combi-
nation of severe mass, volume, and onboard power constraints, short-duration transient
operating modes, and limited margins for pressure instability in the propellant feed line.
Therefore, the control system must provide fast pressure regulation and disturbance re-
jection without relying on heavy auxiliary components or complex actuation hardware.
This application-specific combination of compactness, rapid response, and energy-limited
operation distinguishes the proposed control problem from general electric pump control
tasks and defines the practical relevance of the developed control structure.

2. Materials and Methods

The object of this study is a control system for an electric propellant pump designed
for use on a light-lift launch vehicle. This class of launch vehicles is characterized by strict
limitations on weight, power consumption, and the dimensions of onboard systems [7].
Therefore, the development of a compact and energy-efficient electric pump unit with
stable automatic regulation of propellant delivery parameters is of particular importance.
The general structure of the system under study is shown in Figure 1. The diagram shows
the main components of the electric pump unit: a fuel tank, an oxidizer tank, a fuel
pump with an electric motor, pressure and flow sensors, a control unit, a power converter,
and the propellant supply line to the propulsion system. This diagram illustrates the
general operating principle of the system, in which propellant from the tank is delivered
to the engine using an electric pump, and the required pressure and flow parameters are
maintained by a closed-loop automatic control system.
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Figure 1. System architecture diagram of the electric propellant pump unit and control system for an
ultra-light launch vehicle.
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Thus, the electric pump unit is considered as an electromechanical-hydraulic system
combining an electric drive, a pump section, a hydraulic circuit, and a digital control system.
The primary objective of the system is to maintain a specified fuel delivery mode in the
presence of parametric and external disturbances. The block diagram of the control system
is shown in Figure 2. It includes pressure and speed setpoints, regulators, a pulse-width
control unit, an electric motor, a fuel pump, a feedback loop for measured parameters, and
a limiting and protection unit. As shown in Figure 2, the control system is constructed
using the cascade principle. The outer loop generates the required fuel pressure value,
and the inner loop regulates the rotational speed of the electric motor directly connected
to the pump. Feedback is provided using data from the pressure p, angular velocity w,
and current I sensors. The limiting and protection unit allows for the consideration of
current, pressure, and rotational speed limits, which is especially important for onboard
rocket systems.
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Figure 2. Block diagram of the cascaded control system for the electric propellant pump.

The choice of a cascade structure was determined by the difference in the characteristic
times of the processes in the system. Electrical and mechanical processes in the drive occur
faster than hydraulic processes in the fuel supply line, so a dual-loop control arrangement
improves stability and control quality.

The study is based on a control-oriented electromechanical-hydraulic model of the
electric pump unit, including the electric motor, pump, hydraulic line, and feedback control
loops. The model parameters were taken from the motor data, nominal pump operating
point, and hydraulic-line assumptions used for numerical simulation.

This approach made it possible to study the influence of control actions and external
disturbances on the stability of fuel delivery and determine a rational control system
structure for a super-light launch vehicle.

The electric motor of the electric pump unit was described by a system of electrical and
mechanical equilibrium equations. For the electrical component, the following equation
was used [8]:

L%+Ri+k6w =u, (1)

where L denotes motor winding inductance, R denotes active resistance of the winding, i
denotes current, k., denotes back-EMF coefficient, v denotes rotor angular velocity, and u
denotes control voltage.

The electromagnetic torque of the engine was determined by the expression [9]:

MC - ktir (2)

where k; is the torque constant and i is the motor current.
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The rotor dynamics were described by the mechanical equilibrium equation [10]:

dw
E:Me_Mp_Mf/ (3)
where ] is the reduced moment of inertia, Mp, is the pump’s moment of resistance, and My
is the moment of friction and mechanical resistance losses.

The pump unit’s performance was determined by the rotor speed and the pressure

drop in the system. Generally, fuel consumption was described by the equation [11]:
Q = kqw —kiAp, 4)

where Q is the fuel flow rate, k; is the pump performance coefficient, k; is the hydraulic
loss and leakage coefficient, and Ap is the pressure drop.

The change in pressure in the line, taking into account the compressibility of the
working fluid, was described by the following relationship [12]:

d(Ap) _ Be

where B, is the effective bulk modulus of the fuel, V is the reduced volume of the hydraulic
system, and Qy is the flow rate due to the load.

The load was considered to be an equivalent section of the fuel supply line to the
engine. In the simplest approximation, the flow rate due to the load was described by the

Qr = CiAy| Zﬁp’ (6)

where C; is the flow coefficient, A is the equivalent cross-sectional area, and p is the

relationship [13]:

fuel density.

Thus, the final system model integrates the electrical, mechanical, and hydraulic
subsystems and enables the analysis of transient processes in the electric pump unit as a
single, interconnected control object.

Taking into account the structure shown in Figure 2, a cascade electric pump control
system is adopted in this study. The outer loop is designed to stabilize the fuel pressure,
and the inner loop is designed to regulate the electric motor speed. The pressure control
error was determined as [14]:

€p = Pref — Ps @)

where p,.r denotes set pressure and p is current measured pressure.
The speed control error was determined as:

Cw = Wref — W, (8)

where w;, is set rotation speed and w is the current rotor speed.

A cascaded PI control structure was used, with the outer loop regulating pressure and
the inner loop regulating motor speed. For the proposed variant, a feedforward channel
was added.

The feedforward component was introduced to compensate for the expected pressure-
command variation and to generate a preliminary motor-speed reference before feedback
correction. In this study, the speed reference for the inner loop was defined as

Wref(t) = wp(t) + Kgs (pref(t) - Po), ©)
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where wpj(t) is the pressure-controller output, Ky is the feedforward gain, p,.f(t) is the
pressure command, and py is the nominal pressure.

The control system included actuator saturation and protection limits for voltage, cur-
rent, speed, and pressure. The numerical study considered command changes, hydraulic-
load disturbances, and voltage variations representative of ultra-light launch vehicle op-
eration. The main performance indicators were settling time, integral absolute error, and
pressure-drop depth under disturbance [14]. The model was parameterized around the
nominal operating point to ensure a single consistent basis for comparing the conventional
cascaded PI controller and the proposed cascaded PI controller with feedforward. The
numerical parameterization was performed for a nominal pump speed of 30,000 rpm. The
remaining coefficients were derived from the nominal operating point, similarity rela-
tions, hydraulic compliance assumptions, and motor data [15]. The adopted values are
summarized in Table 1.

Table 1. Summary of the adopted numerical parameters of the electric pump-fed propellant

supply model.
Parameter Symbol Value Unit Basis for Adoption
Nominal rotor speed 1 30,000 rpm Adopted operating point
Nominal angular speed wo 3141.59 rad/s Calculated from g
Fuel density Iy 800.98 kg/m? Working-fluid property
Nominal pressure rise Apo 5.799 x 10° Pa Pump similarity scaling
Nominal mass flow rate i 3.768 x 1072 kg/s Pump similarity scaling
Nominal volumetric flow rate Qo 4.704 x 10~ m3/s Qo =mgy/p
Armature resistance R 0.363 Q) Motor datasheet
Armature inductance L 49 x107° H Motor datasheet
Back-EMF constant K, 7.83 x 1073 V-s/rad Motor datasheet
Torque constant K 7.85 x 1073 N-m/A Motor datasheet
Rotor inertia ] 4.20 x 1077 kg-m? Motor datasheet
Viscous friction coefficient B 6.33 x 1077 N-m-s/rad Identified from no-load regime
Pump efficiency Mp 0.6727 - Adopted pump characteristic
Flow coefficient kq 1.497 x 108 m3/rad Derived from Qg, wy
Pressure coefficient ky 5.876 x 1072 Pa-s?/rad? Derived from Apg, wy
Pump load coefficient cp 1.308 x 1077 N-m-s2/rad? Power balance
Load coefficient K;, 4948 x 10~ l<g~s*1 Pa~1/2 Nominal load matching
Effective bulk modulus Bett 0.984 x 10° Pa Adopted hydraulic parameter
Effective hydraulic volume Vet 3.30 x 103 m3 Adopted hydraulic parameter
Hydraulic compliance coefficient ay, 2.98 x 101 Pa/m3 Besi/ Vess
Maximum control voltage Umax 36 \% Drive limitation

For the robustness assessment, the main electrical and hydraulic parameters were
varied around their nominal values: armature resistance R by £20%, armature inductance
L, back-EMF constant K,, and torque constant K; by £10%, effective bulk modulus g, by
£25%, and hydraulic load coefficient C; by +20%.

The controller gains used in the numerical experiments were K, , = 9000, K;, = 35,000,
Kpw = 0.06, and K; , = 80 for the conventional cascaded PI controller, and Kj, , = 12,000,
K;, = 60,000, Kp = 0.12, and K;,, = 180 for the proposed cascaded PI controller
with feedforward.

3. Results and Discussion

Numerical simulation was performed in Python 3.13.5 using a unified nonlinear
electromechanical-hydraulic model and the same parameter set for all computational
scenarios. Only the command amplitude and disturbance conditions were varied between
experiments. Control performance was evaluated by settling time, integral absolute error,
and pressure-drop depth under disturbance.
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Figure 3 compares the transient processes for two control options: a classic cascade PI
structure and the proposed cascade PI system with a feedforward channel. In the repre-
sentative combined scenario, the proposed controller demonstrates higher performance.
The settling time decreases from 0.087 s to 0.028 s, the integral absolute error decreases
from 0.0138 to 0.0085 MPa-s, and the pressure-drop depth decreases from 4.64% to 3.56%.
This improvement is explained by partial compensation of the plant dynamics through the
feedforward channel, which reduces the burden on the feedback loop.
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Figure 3. Comparative transient response under a severe command-and-disturbance scenario.

Figure 3 also shows that the advantage of the proposed controller is not limited
to the initial command-tracking interval. After the hydraulic disturbance is introduced,
the pressure deviation is smaller and the recovery process is shorter than in the classical
cascaded PI case. This behavior is important for ultra-light launch vehicles, where even
short pressure deviations may affect the stability of propellant delivery and the repeatability
of the engine operating regime. The feedforward channel improves the coordination
between the pressure command and the required motor-speed response, thereby reducing
the delay between the hydraulic demand and the actuator reaction.

The quantitative results presented in Figure 4 show that for the classical cascade PI
structure, the settling time increases from 0.025 s for a 5% step to 0.133 s for a 20% step. For
the proposed algorithm, this indicator changes significantly less—from 0.014 s to 0.031 s.

0.700 _ YUY A A UL TV TR LT AT,
0.675 1

0.650 -

0.625

Pressure, MPa

0.600

0.575 - — S%step
—— 10% step

- 15% step
0.550 1 —— 20% step

i — =+ Reference pressure

0.0 0.2 0.4 06 08 10 12 14
Time, s

Figure 4. Settling time as a function of the pressure-command step amplitude.
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Thus, the proposed controller preserves a clear dynamic advantage over the full
investigated command range.

Figure 5 shows the transient pressure responses of the proposed algorithm at different
hydraulic-load disturbance levels. As the disturbance amplitude increases, the pressure
drop becomes more pronounced, but the closed-loop system remains stable and restores
the pressure to the commanded level without sustained oscillations. This result indicates
that the proposed control structure maintains adequate damping and robustness over the
investigated disturbance range. From an application perspective, this behavior is important
because the hydraulic resistance of the propellant feed line may vary during transient
engine operation, and the control system must compensate for such variations without
excessive pressure undershoot. The small high-frequency fluctuations visible in Figures 4
and 5 are associated with the nonlinear closed-loop simulation and discretized control
action. They were not introduced as explicit sensor noise or PWM-induced ripple, but
they indicate possible control-induced pressure ripple that should be limited in practical
implementation to reduce additional mechanical and thermal loading on the actuator.

Pressure responses of the proposed controller under hydraulic-load disturbances
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Figure 5. Pressure responses of the proposed controller under hydraulic-load disturbances.

Calculations showed that for the classical algorithm, the pressure drop is 2.03%,
3.90%, 5.73%, and 7.53% for 5%, 10%, 15%, and 20% disturbances, respectively. For the
proposed structure, the corresponding values are reduced to 1.48%, 2.97%, 4.43%, and
5.87%. The reduction in pressure-drop depth is about 21-27%, confirming improved
disturbance rejection. Figure 6 shows that the IAE gain is maintained throughout the entire
computational domain and ranges from approximately 15% to 64%.

In the practically relevant region of the operating domain, the improvement is typically
30-46%, indicating that the performance gain is systematic rather than local.

Overall, the proposed cascaded PI controller with feedforward provides faster re-
sponse, lower integral error, and better disturbance rejection across the investigated
operating range.

From the viewpoint of ultra-light launch vehicle constraints, the reduced pressure over-
shoot and faster settling time can also contribute to more efficient use of onboard electrical
power. By decreasing the duration and amplitude of transient deviations, the proposed con-
troller may reduce unnecessary motor acceleration, current peaks, and overshoot-related
power demand. This is important for electric pump-fed propulsion systems, where the
battery pack, power converter, and thermal margins are strongly limited by mass and
volume constraints.
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Performance map of IAE reduction achieved by the proposed controller
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Figure 6. Performance map of IAE reduction achieved by the proposed controller.

4. Conclusions

This paper develops a control system for an electric propellant pump for a light-lift
launch vehicle based on a unified electromechanical-hydraulic model. Computational
experiments demonstrated that the proposed cascade PI structure with a leading channel
provides superior control quality compared to a conventional cascade PI controller. In the
most representative combined mode, the settling time decreased from 0.087 s to 0.028 s,
the integral absolute error decreased from 0.0138 to 0.0085 MPa s, and the pressure-drop
depth during a disturbance decreased from 4.64% to 3.56%. Furthermore, in the studied
range of operating conditions, the integral error decreased from 15% to 64%, confirming
the consistent performance of the proposed algorithm not only at a single computational
point but also across a wide range of operating conditions. The obtained results confirm the
operability, robustness and practical potential of the proposed control system for electric
pump units for fuel supply of ultra-light launch vehicles.
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