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Abstract

Online performance optimization improves fuel economy in modern aero-engines, but
shifts in the steady operating point require authority handovers between steady and
transient controllers. This study develops a bumpless transfer strategy within a multivari-
able performance-seeking architecture that couples a valve-position controller (VPC) for
steady optimization with a model predictive controller (MPC) for transients. Coordination
combines control-input mismatch compensation, feedforward set-point pre-shaping, and
hysteretic switching to ensure manipulated-variable continuity and constraint compli-
ance. High-fidelity nonlinear simulations show that, when the operating point is moved,
thrust deviation at handover is <1.5%, fuel-flow commands remain continuous and rate-
limited, and specific fuel consumption decreases by ~5.03% at the optimized steady state.
Turbine-inlet-temperature and compressor surge-margin limits are rigorously satisfied
throughout the maneuver. The results indicate that the proposed strategy preserves closed-
loop smoothness while delivering measurable fuel-economy gains, providing a practical
path to integrate online performance optimization with constraint-aware transient control
in aero-engines.

Keywords: aero-engine; online performance optimization; bumpless transfer; model
predictive control (MPC); valve-position control (VPC)

1. Introduction

Ensuring both performance optimization and operational safety in aero-engine control
systems remains a central challenge in propulsion. As performance demands on aircraft
continue to rise, online performance optimization has emerged as a key means of achieving
low fuel consumption and extended flight range. However, such optimization dynami-
cally shifts the engine’s steady-state operating point, necessitating controller handovers
between operating modes (e.g., steady and transient states). If not handled properly,
substantial disturbances may be introduced by initial-condition mismatches, leading to
command discontinuities, rotor-speed overshoot, and transient violations of critical thermo-
dynamic limits [1,2]. Meanwhile, the engine’s inherently multivariable, strongly coupled,
and tightly constrained nature further compounds the difficulty of achieving smooth,
bumpless transfer [3,4].

To address the foregoing challenges, a switching architecture that combines the par-
allel valve-position controller (VPC) with model predictive control (MPC) is proposed.
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Within this framework, the VPC is responsible for steady-state multivariable performance
optimization (e.g., online minimization of fuel consumption), thereby enabling efficient
economic operation. In contrast, the MPC is dedicated to managing transient dynam-
ics while rigorously enforcing prescribed limits (e.g., surge margin). The two layers are
designed to be complementary across separated time scales. Nevertheless, the central bot-
tleneck of this architecture lies in achieving a smooth, bumpless transfer between the VPC
and MPC so that steady-state economic objectives and transient safety constraints can be
satisfied jointly.

In engineering practice, the Min-Max selection logic and its refinements are widely
employed, typically relying on hard switching or rudimentary compensation mecha-
nisms (e.g., tunable interpolation functions [5], multiple Lyapunov functions [6], Hoo
filters [7], and adaptive gain compensation [8]). However, under highly dynamic transients
(e.g., emergency acceleration/deceleration), these approaches exhibit structural limitations.
Their switching logic commonly depends on fixed rotor-speed thresholds, yielding delayed
responses incompatible with large-inertia systems. More critically, compensator-based state
synchronization is ill-suited to endogenously coordinating strongly coupled multivariable
dynamics under stringent safety constraints (e.g., surge margin and over-temperature
limits). These limitations motivate the VPC-MPC integrated architecture developed in
this work.

Extensive hardware-in-the-loop and bench testing have shown that the ‘bump’ intro-
duced by conventional controller handover is a primary cause of large thrust transient
deviations (instantaneous deviations exceeding 15%), compressor surge, and even protec-
tive shutdowns [9-12]. Although Ling Xu et al. sought to improve smoothness through
compensators or integral reset schemes [13,14], their effectiveness is constrained by funda-
mental limitations: dependence of compensation accuracy on model fidelity, the absence
of an endogenous capability to handle multivariable constraints, and switching-time bias
stemming from lagging decision criteria.

To overcome the inherent limitations of the Min-Max framework and the steady-
state operating-point migration caused by multivariable performance optimization, this
study proposes a bumpless transfer strategy based on control-input mismatch and integral
compensation. The core innovation of this strategy lies in integrating two synergistic
mechanisms, which together ensure switching smoothness and control effectiveness:

(i) Control-Variable-Driven Dynamic Switching Criterion

Unlike conventional switching rules based on fixed rotor-speed thresholds, this strat-
egy monitors the rate of change in the core control variables—fuel flow rate W¢, nozzle
throat area Ag, and aft-duct ejector area Ajg3—and quantifies their dynamic characteris-
tics using the infinity norm. This criterion can more sensitively and accurately capture
operating-point migration caused by performance optimization, providing a precise and
reliable basis for controller handover.

(ii) Feedforward Setpoint Pre-shaping for State Alignment

A feedforward alignment scheme is designed to pre-shape the reference trajectory of
the MPC, ensuring it matches the instantaneous output of the VPC. By eliminating state
mismatches during the controller handover, this mechanism prevents command bumps
and significantly enhances the smoothness of the switching process.

Together, these two mechanisms work in tandem to ensure that the transition between
the two controllers is seamless and that the system performance is optimized during
transient conditions.

The remainder of this paper is organized as follows. Section 2 describes the dual-
loop VPC-MPC architecture and the control-variable switching criterion and develops
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a bumpless-transfer mechanism based on control-variable alignment and feedforward cor-
rection. In Section 3, the responses of key variables—including thrust and fuel flow—are
evaluated through simulations under a representative acceleration scenario. Section 4 con-
cludes by summarizing the advantages of the proposed method and outlining directions
for future work.

2. Control System Architecture and Bumpless-Transfer
Mechanism Design

2.1. Overall Architecture of the VPC-MPC Control System

The central challenge in modern aero-engine control system design lies in reconciling
steady-state fuel-economy optimization with the requirement for fast and safe transient
responses. To address this challenge, an innovative dual-loop control architecture is de-
veloped, whose core is a bumpless, seamless transfer between steady-state performance-
optimization control via a parallel valve-position controller (VPC) and transient regulation
via model predictive control (MPC). The overall framework is depicted in Figure 1.
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Figure 1. Block diagram of the bumpless-transfer control system.

Switching between VPCs and MPCs is adaptively performed according to the engine
operating state. Under steady-state conditions, the VPC loop conducts online performance
optimization, adjusting variable-geometry settings and other actuators to minimize fuel
consumption. When a transient requiring a rapid response is detected, control is transferred
seamlessly to the MPC loop, whose online optimization manages the dynamic process
while strictly enforcing multivariable safety constraints (e.g., rotor-speed limits, turbine-
inlet-temperature ceilings, and surge-margin boundaries).

(1) Operating Principle of the VPC

As shown in Figure 2, the VPC is an internal controller composed of three coordinated
loops: the Ag loop built by g.11 (with actuator g,1 and plant channel g1), the A143 loop built
by ge31 (with ga3, g3), and the fuel W¢ loop g, that performs thrust tracking (with g2, 2).
Following Ref. [15], the inner loop is shaped to the open-loop target L = wy; /s, yielding a
first-order thrust law Gy1(s) = wp1 /(s + wp1). To realize this, g, is selected as a PI controller
while gc11, §c31 are lead—lag (no integral) and g¢12, 32 are PD decouplers; the latter feed
forward into the W¢ PI input to suppress the Ag/A143 — Fn disturbance paths. This design
maintains thrust dynamics and enables the outer optimizer to adjust AAg ,of and AA1¢3 ref
for fuel-economy optimization without biasing thrust.
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Figure 2. Schematic of the VPC.

To achieve bumpless transfer during authority handover with MPC, a track-reference
(TR) branch (the 1/T; block in Figure 2) compares the external target WfMP C with the VPC
command uy = AW¢ g and injects the tracking error into the PI input. The W loop is
thus written as follows:

; 1

g(t) = an(t) + ﬁ (utar(t) - uc2<t))r ch(t> = erFn (t> + Kié(ﬂ 1)
where er, = AF, ,, r— AFy; ¢ is the integrator state; and ut,y is the external tracking target
Uty = WfMP C when MPC is in authority (VPC tracks) and u¢ar = u» when VPC is in authority
(the TR term vanishes, and the structure reduces to [15]). In steady operation, the inner
loop maintains the shaped thrust behavior while the outer loop performs Newton-Raphson

optimization on AAg, AA143 to minimize SFC.
(2) Operating Principle of the MPC

The central challenge of transient control lies in maintaining system stability while
satisfying safety limits under rapidly changing operating conditions. Owing to its ex-
plicit handling of multivariable coupling and input-output constraints, MPC delivers fast,
constraint-compliant responses during accelerations and decelerations, outperforming
gain-scheduled baselines under stringent safety bounds. Consequently, MPC affords pro-
nounced advantages during acceleration and deceleration transients [16]. Compared with
conventional gain-scheduled control methods, the handling of rapid engine responses and
stringent safety constraints is more effectively achieved with MPC; consequently, it has
been widely adopted for transient control in aero- and automotive-engine applications [17].

When MPC is in authority, it regulates the transient while enforcing multivariable
constraints; when MPC is in tracking mode (i.e., VPC in authority), an external manipulated
variable (MV) tracking term is used so that the MPC output remains aligned with the
current VPC command, ensuring bumpless transfer. Building on standard constrained
MPC formulations widely used for engine transients [16,17], Equation (2) is defined as the
following finite-horizon program:

Np N.—1
- _ 2 2 2
min Jy = ¥ [[Yepix — rerillo + X Bugepiellr + Ml — vrarklls
Uitk i=1 i=0
st Xppipak = A%k + Bk Ykrik = Cxipipe )

Umin < Uik < Umax, Almin < Auk+i|k < Aumax,
Ymin < Yi+ilk < Ymax,

where
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®  k:sampling instant; (), prediction at time k.

e x: state vector; y: output vector (includes thrust F, if used).
o u=[AWf,AAZM, AAST)
e 1 output reference (typically r = [AF, f,..]

: MV VeCtOI','AMkJrl"k = uk+i‘k — uk+i71|k
R
e N, Nc: prediction and control horizons.

e (>0, R>0: weights on output error, MV rate, and MV alignment; A > 0: alignment gain.

® Uk external MV target—iuty,, o = ulyp c

in tracking (aligns to VPC); w4y = 1y in
authority (term deactivates).
e A, B, C:linear prediction model from local identification/linearization; box constraints

encode actuator/safety limits (bounds on Wy, Ag, A163, temperatures/speeds, etc.).

Remark. The third term in i is the only addition beyond a standard regulator; it mirrors
the VPC-side TR mechanism in Figure 2 and guarantees a continuous MV at handover.

In summary, the synergy between VPC and MPC constitutes the backbone of the
proposed architecture. However, the effectiveness of their coordination is constrained by
the smoothness of the switching instant; therefore, a carefully engineered bumpless-transfer
mechanism is required.

2.2. Analysis of the Bumpless-Transfer Mechanism

Traditional switching criteria based on fixed rotor-speed thresholds suffer from re-
sponse latency and the risk of misclassification, making them unsuitable for the dynami-
cally shifting onset and termination of transients induced by performance optimization.
Accordingly, a novel multi-control-variable switching criterion is proposed. By monitor-
ing in real-time the rate of change in the control input—quantified by the infinity norm
||| c—the need for transition from steady to transient operation can be detected more sen-
sitively and accurately. When the monitored quantity exceeds a preset threshold, a switch
from VPC to MPC is triggered, thereby providing a precise timing basis for subsequent
bumpless transfer.

For the switching decision between the two controllers, the infinity norm of the control
input, ||u||, is adopted as the criterion (see Figure 3):

@"m = max(|A Wf|,|AAg|,|A Al@

< Jull.>5%

VPC control MPC control
MPC trackin, (VPC tracking)

A 4
( Engine )

Figure 3. Switching-decision logic and criteria.
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We monitor the normalized control-variable activity:

. — T
i = ||diag(Uy") [AWs, AAF™, AATE, (oo, ©)

where Uy = [W}\] ,AY, A{\é3]T denotes nominal magnitudes (or allowable ranges) used
for normalization. A VPC — MPC handover is triggered when #y > 0.05 for a prescribed
dwell, and the reverse handover is enabled when #y < 0.05. The 5% threshold is selected
after normalization to be (i) consistent with Ref. [15], which applies 5% (Ag) and 3% (A143)
perturbations for outer-loop gradient estimation, thus capturing optimization-induced
operating-point migration promptly; and (ii) sufficiently above sensor/actuator ripples
and small dithers so as to avoid spurious switching.

(1) Steady (VPC) — Transient (MPC)

When ||u||, exceeds the 5% threshold, the engine is regarded as entering the transient
regime, and control authority is transferred from “VPC in control, MPC tracking” to “MPC
in control, VPC tracking.” Because, prior to switching, the MPC continuously tracks the
VPC’s real-time outputs (including fuel-flow and variable-geometry setpoints), feedforward
pre-alignment is used to pre-shape the MPC reference trajectory so that the MPC's initial
command is fully aligned with the current VPC output. The MPC then leverages receding-
horizon optimization to maintain continuity of the manipulated variables while responding
rapidly to thrust changes and strictly enforcing safety bounds on turbine-inlet temperature,
rotor speed, and related parameters, thereby avoiding transient limit violations caused
by dynamic coupling. Meanwhile, the VPC is relegated from “controller” to “tracker”,
continuously monitoring MPC commands and caching state references for the subsequent
reverse handover.

(2) Transient (MPC) — Steady (VPC)

When ||u|.,
sified as steady-state, and a gradual handover is initiated from “MPC in control, VPC

falls to within 5% and remains stable, the operating condition is clas-

tracking” to “VPC in control, MPC tracking.” Prior to switching, the VPC—by tracking
the MPC outputs—has precomputed the targets for steady-state performance optimization
(e.g., the parameter settings at the minimum-fuel operating point). During the transfer, the
MPC command is steered toward the VPC’s optimization objective, while the VPC’s inner
thrust-feedback loop makes real-time fine adjustments to fuel flow and variable-geometry
parameters. This mechanism—pre-tracking to establish state linkage, followed by state
alignment at the switching instant—both preserves MPC’s strict supervision of the tran-
sient and enables a bumpless initiation of VPC-based steady-state optimization, ultimately
settling the engine at an economically optimal operating point.

Both switching directions use the ||u||, threshold as the triggering core. By employing
a pre-tracking strategy, state linkage between the two controllers is established in advance;
at the handover, feedforward alignment together with a gradual transfer of authority is
used to achieve bump-free commands, thereby, in principle, eliminating the risk of control
discontinuities while balancing the need for rapid transient response with steady-state
fuel-economy optimization.

3. Simulation Studies and Performance Evaluation

To verify the practical effectiveness of the proposed bumpless-transfer control strategy,
a representative nonlinear simulation model of a mixed-flow turbofan engine equipped
with an aft-duct ejector was constructed in MATLAB 2024b/Simulink, as illustrated
in Figure 4.
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Figure 4. Simplified schematic of a multivariable aero-engine.

The engine deck used in this work defines the design point (DP) as the rated maximum-
thrust condition of the selected variable-cycle turbofan, namely a net thrust of 84.51 kN
with spool-speed ratings N}, = 15,000 r/min and N = 9000 r/min; these DP values are also
used to normalize the reference areas Ag pp and A143 pp when building the constant-thrust
SFC maps. A convergent nozzle is assumed because the study focuses on near-ground
subsonic operation (Alt = 0.4 km, Ma = 0.8). For controller identification and subsequent
tests, we operate at 75% of the DP thrust, which keeps the plant within the linear region
while preserving safety margins.

ag denotes the exhaust nozzle throat area opening;:

A
ag = —2— x 100% (4)
Agpp
«163 denotes the aft-duct ejector opening:
A
K163 = 168 x 100% (5)
A163,DP

Operating Conditions and Simulation Analysis of Representative Scenarios

The simulation scenario is an acceleration maneuver under near-sea-level, standard-
atmosphere conditions, with the engine initially stabilized at a low-speed operating point.
Model parameters are set to representative rated values, and practical constraints on
key variables—high- and low-pressure rotor speeds, turbine inlet temperature T4;, and
compressor surge margin—are enforced. The control system employs the proposed dual-
loop VPC-MPC architecture; switching is triggered by a control-variable criterion based
on the fo norm of the normalized increments of W, Agmd and A%ggd, with hysteresis and
a dwell time. Smooth transitions are ensured by a symmetric MV-alignment mechanism:
on the VPC side, the track-reference branch in Figure 2 (Equation (1)) makes the fuel-
loop PI output follow W%VIPC at VPC — MPC handover; on the MPC side, the cost in

MPC in tracking. Together with

Equation (2) includes an MV-alignment term with 1, = u
rate/box constraints and actuator dynamics, these provisions keep manipulated variables
continuous and prevent chatter. The total simulation time is 100 s, with emphasis on the
dynamic response during rapid acceleration from cruise to maximum thrust.

The simulation scenario is configured such that the thrust command is rapidly in-
creased from an initial low-power condition, emulating a pilot swiftly advancing the
thrust lever to maximum. Figures 5-8 present the dynamic evolution of key indicators,
including fuel-flow tracking and controller switching, engine thrust and rotor speeds,
critical thermodynamic variables and safety margins, as well as fuel consumption and

efficiency metrics.
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Specifically, Figure 5 illustrates the commanded fuel flow (W), its tracking per-
formance, and the controller mode transitions. The command was rapidly raised
from approximately 0.39 kg/s to 1.05 kg/s, held briefly, and subsequently increased to
1.55 kg /s, indicating a two-stage step-up in thrust demand. The switching signal clearly
indicates bumpless VPC <+ MPC handovers at 4.04 s and 60.08 s. The fuel-flow command
is tracked without discernible discontinuities, highlighting the continuity benefit of the
proposed mechanism.

Figure 6 analyzes the dynamics of specific fuel consumption (SFC) and efficiency-
related variables («g, ®143). SFC exhibits a brief increase at the onset of acceleration; however,
after approximately 20 s, steady-state performance optimization via the VPC is engaged
and progressively improves the operating condition. SFC then decreases and ultimately
stabilizes at about 0.56 kg/(daN-h), corresponding to a reduction of approximately 5.03%,
while efficiency indicators improve markedly. These results highlight that, under steady
conditions, the VPC effectively optimizes fuel economy and component-level efficiency.

Figure 7 depicts the responses of engine thrust (F,) and the high- and low-pressure
rotor speeds (N, Nj). Following the step command, both thrust and speeds increase rapidly
and settle at their targets with a smooth transient, exhibiting no appreciable overshoot
or oscillation. This favorable dynamic performance is attributed to the precise switching
criterion and the MPC'’s feedforward setpoint alignment (state alignment) technique.

Figure 8 presents thermodynamic variables and safety margins in detail, including the
turbine inlet temperature (T4;) and the surge margins of the high- and low-pressure com-
pressors (SMppc and SMypc). T4 rises rapidly but remains safely below 1700 K; the HPC
surge margin decreases yet stays within controllable limits, whereas the LPC (fan) surge
margin increases slightly. Throughout the maneuver, all margins stay within prescribed
limits. These results indicate that the MPC strategy effectively prevents overtemperature
and surge-margin encroachments, thereby ensuring safe dynamic engine operation.

Across the acceleration scenario (specific changes in performance indicators are as
shown in Table 1), the proposed VPC-MPC scheme achieves bumpless transfers with
a maximum thrust deviation of <1.5%, while maintaining continuous fuel-flow com-
mands and respecting actuator rate/box limits. After steady operation is re-established,
the SFC decreases by ~5.03% and stabilizes, whereas efficiency-related settings «g,
n163 converge smoothly. Safety-critical variables remain within bounds throughout the
maneuver—7Ty; < 1700 K, and both HPC/LPC surge margins stay inside prescribed lim-
its. The VPC <+ MPC transfers occur at 4.04 s and 60.08 s, with no observable command
bumps (see).
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Table 1. VPC-MPC performance indicators in the acceleration scenario.

Handover thrust deviation <1.5% (bumpless)
Fuel-flow command continuity No discontinuity; rates within limits
SFC change (steady state) ~5.03% reduction; stable thereafter
Thermal limit T41 <1700 K (no violation)
Surge margins (HPC/LPC) Within prescribed bounds
Handover instants 4.04 s and 60.08 s
Actuator constraints No rate/box violations observed

In summary, the simulations verify the effectiveness of the proposed VPC-MPC
bumpless-transfer strategy under a representative acceleration scenario. Precise, bump-free
handovers ensure continuous thrust and fuel-flow responses, while steady-state optimiza-
tion yields measurable reductions in SFC and improves component-efficiency metrics.
Collectively, these outcomes deliver concurrent gains in steady-state fuel economy and
transient safety, conferring high practical engineering value.

4. Conclusions

We proposed a bumpless transfer strategy to mitigate disturbances induced by steady-
state operating-point migration during online performance optimization. Built upon
control-variable deviation analysis (Wy, Ag, A163) and feedforward integral compensation,
the dual-loop VPC-MPC architecture employs a dynamic handover criterion to pinpoint
transient onset/termination and a feedforward setpoint-alignment to pre-align controller
states. In simulations, thrust deviations at handover remain within 1.5%, fuel-flow conti-
nuity is markedly improved, VPC reduces SFC by 5.03%, and MPC rigorously enforces
thermal and surge constraints.

Despite favorable control performance and simultaneous gains in economy and safety
observed in the simulation, broader validation is required prior to practical deployment.
Future work will therefore focus on (i) expanding the test envelope—e.g., high-altitude
and extreme-temperature conditions—and assessing robustness and parameter sensitiv-
ity using higher-fidelity digital-twin engine models; (ii) improving real-time capability
by reducing the online computational burden of MPC through lightweight receding-
horizon formulations, with feasibility evaluated via hardware-in-the-loop experiments; and
(iii) strengthening safety mechanisms by integrating fault diagnosis and fault-tolerant
control to enhance disturbance rejection during switching, and by exploring deep-
reinforcement-learning-based adaptive tuning of switching parameters. Subsequent efforts
will concentrate on model refinement, algorithmic acceleration, and safety enhancement to
facilitate engineering applications.

Author Contributions: Conceptualization, R.L. and C.W.; methodology, R.L.; software, R.L., J.Y.,
and Z.Z.; validation, R.L., ].Y,, and J.W.; formal analysis, R.L., ].Y., and Z.Z.; investigation, R.L.
and ].Y.; resources, C.W.; data curation, R.L. and J.W.; writing—original draft preparation, R.L.;
writing—review and editing, R.L.,].Y., Z.Z., ] W., and C.W.; visualization, R.L. and Z.Z.; supervision,
C.W,; project administration, C.W.; funding acquisition, R.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Shaanxi Province Department of Science and Technology
(Grant No. s2024-C-0N-0162).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.



Aerospace 2025, 12, 1059 11 of 12

Abbreviations

VPC Valve-position controller
MPC Model predictive control
SFC Specific fuel consumption
MV Manipulated variable

TR Track-reference

Dp Design point

HPC High-pressure compressor
LPC Low-pressure compressor
Nomenclature

Ag Nozzle throat area

A1e3 Aft bypass ejector area

Kp Proportional gain

We Fuel flow rate

Fn Net thrust

PI Proportional-integral

PD Proportional-derivative
Alt Altitude

Ma Mach number

Np High-pressure rotor speed
N; Low-pressure rotor speed
SMppc High-pressure compressor surge margin
SMypc Low-pressure compressor surge margin

81,82, 83 Transfer functions from AW, AAg, and AA1g3 to AF,

Sal,8a2, 8a3  Transfer functions of Wy, Ag, and Aj¢3 actuators

U Fuel-flow command generated by the inner PI loop in the track-reference branch
External manipulated-variable target for bumpless tracking and alignment between

Har MPC and VPC
External manipulated-variable target at sampling instant k, used for tracking and
Hark alignment of manipulated variables between MPC and VPC
T Tracking time constant in the track-reference (TR) branch
¢ Integrator state (state of the PI controller) in the TR loop
cmd Command sent from the controller to the actuator
ref Reference value
A The deviation of a physical quantity from its steady-state value
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