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Introduction

In drive control, voltage constraints play a critical role, as the limitations of power electron-
ics and DC link voltage restrict the feasible output range. Modern control methods such
as model predictive control (MPC) inherently incorporate these constraints into the con-
trol law. However, in industrial applications, traditional field-oriented control (FOC) with
proportional-integral (PI) controllers remains the dominant approach. A major drawback of
Pl-based schemes is their limited capability to handle constraints effectively. Here, voltage
constraints are typically addressed using anti-windup strategies with classical reference volt-
age saturation (CRVS) [1]. However, CRVS often degrades current control performance,
particularly in the presence of cross-coupling effects [4]. To overcome these limitations, an
optimal reference voltage saturation (ORVS) strategy for nonlinear Pl-based current control
was proposed in [3] for reluctance synchronous machines (RSMs), demonstrating excellent
simulation performance. Extending this approach to electrically excited synchronous ma-
chines (EESMs) is more challenging, as the exciter current introduces an additional control
variable with its own constraints.

Contributions: This work develops a control framework for an EESM featuring

= a nonlinear Pl-based current control system, and
= an integrated ORVS strategy.

Modeling

Machine Model: Nonlinear EESM in the rotor-aligned (d, ¢)-reference frame [2].
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Overall control scheme

Overview: Proposed nonlinear current control system.

SVM VSC

dg,x b d
us,sat 33 ° \ q q usq
——p P> TIFE >

1] )

optsat

PI w AW Lglfée(ig,qee, m)

.dqe dge dqe
?’s,e,ref vs,e» — us,e,ref < : | Udc,s
— N I : < ; |udc7e
= - ue?* ab T I e
e,sat Se 1 } Ug
.dqge dge I > ] >
se us,e,ff 1)

PWM VSC

Figure 1. Block diagram of the proposed current control system, integrating optimal reference voltage
saturation, input/output linearization, and proportional-integral controllers with anti-windup.

Current control system

Input/Output (1/0) Linearization:
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Assuming ug{%e ~ ug o the current dynamics reduce to %zg%e(ug%e) = vgf{f.

Closed-Loop Control: With a conventional Pl controller, the closed-loop transfer function
becomes

Fép(s) = .;y(s) = (1 + kps) b
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(y,2) € {(s,d), (s,9), (e, €)}.

Tuning: The closed-loop dynamics correspond to a second-order system with a differential
term. Simple pole placement allows direct tuning via the controller gains k; and k.

Optimal reference voltage saturation
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Saturation Principle: If ug,

direction of the current dynamics:

¢ IF,, the saturated voltage ui‘fjsat should preserve the

. d . d
L (ughar) = (1= Q) G (ughiy), ¢ €0,1],

which yields
dge dge,,,dqge dge
us,e,sat - (1 o C) Ls,e Vse + Ug .

Optimal Saturation: The optimal scaling factor (* minimizes the deviation in current
dynamics subject to input constraints, and a closed-form solution can be obtained by solving:
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Validation

Setup: Simulations were performed on a real nonlinear EESM.
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Figure 2. Time series results of the proposed current control system for the EESM, showing stator

(d, q)-currents, exciter current, and reference voltage amplitudes, colorized by the applied reference voltage
saturation approaches: CRVS [—], ORVS [—]. Their references are shown in [---], along with stator
voltage constraints s max [---], and the exciter voltage constraint ugce [---]. Left: Full-time series. Right:
Zoomed-in views of the regions highlighted by [---].

Conclusion

= Nonlinear current control system using 1/0O linearization and PI controllers
= ORVS minimizes the gap between desired and feasible current dynamics while:

= preserving the desired current change direction
= considering stator and exciter voltage constraints

= High-fidelity simulations show ORVS outperforms classical methods by:

= improving current tracking accuracy
= significantly reducing cross-coupling effects
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