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Abstract: This paper presents an experimental comparison of two control
strategies for mitigating three-phase current unbalance in Scott-transformer-
fed railway power systems. Both methods employ the same single-phase three-
level back-to-back converter, but they differ in the variable used to generate the
compensation command. The first strategy derives the reference from load-side
active and reactive power, whereas the second generates the reference directly
from the Scott-transformer secondary current, thereby targeting the source-
side balance condition more directly. To ensure reliable synchronization under
low-switching-frequency operation and notch-distorted secondary voltage, an
observer-assisted synchronous reference frame phase-locked loop is adopted
ahead of the control stage. The proposed approaches are validated
experimentally on a 5 kVA laboratory prototype. The measured results show
that the three-phase current-unbalance ratio is reduced from 34.2% before
compensation to 2.8% with the power-based strategy and to 1.2% with the
current-based strategy. In addition, both methods maintain stable DC-link
operation and exhibit comparable harmonic and current-tracking performance.
These results demonstrate that source-current-oriented compensation based
on Scott-transformer secondary current provides superior balancing
performance for railway applications with strongly varying single-phase loads.

Keywords: Scott transformer, railway power system, three-phase current
unbalance, back-to-back converter, current-based compensation, observer-

assisted synchronization.

1. Introduction

Electric railway traction power supply systems are among the most demanding
utility loads because they combine high-power single-phase feeders, rapidly varying train
operating states, regenerative energy exchange, and geographically distributed
substations. As rail systems evolve toward higher speeds, heavier traffic, and more
stringent service continuity requirements, power-quality problems such as negative-
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sequence current, reactive-power fluctuation, current and voltage unbalance, harmonic
distortion, and neutral-section-related interruptions become increasingly important
design constraints [1], [2], [3], [4], [5]. In conventional industrial-frequency AC traction
systems, Scott and V/V transformers remain attractive because they achieve practical
three-phase-to-single-phase conversion with high utilization of transformer capacity and
well-established substation designs. However, once the main (M) and teaser (T) branches
are unequally loaded, the upstream three-phase source no longer remains balanced, and
the resulting negative-sequence and reactive-power burden propagates into the public
grid [6], [7], [8], [9], [10], [11], [12], [13].

To alleviate these effects, a broad class of railway power conditioners (RPCs), active
power-quality compensators, and co-phase traction compensation devices has been
developed over the past three decades. Early work established the feasibility of
converter-based compensation for simultaneous active-power balancing, reactive-power
compensation, and harmonic reduction in railway substations [6], [7]. Subsequent studies
expanded the design space to include partial-compensation strategies, converter-rating
reduction, multilevel and modular topologies, and experimentally validated reduced-
scale prototypes [8], [9], [10], [11], [12], [13], [14], [15], and a comprehensive review of
RPC topologies and operation modes in AC traction grids is provided in [16]. Detailed
dynamic modeling, control design, and stability analysis of a railway active power-quality
conditioner are presented in [17]. These studies collectively demonstrate that converter-
based compensation can substantially improve source-side power quality in electrified
railways, but they also show that topology choice, compensation target, and control
structure strongly affect the final performance.

In parallel, traction power supply architectures themselves have continued to
evolve. Combined co-phase substations, AT-fed co-phase traction systems, sectioning-
post RPCs, MMC-based railway power conditioners, and multi-port conditioners with
renewable-energy access have all been proposed to enhance continuous power supply,
reduce neutral-section constraints, and improve source-side power quality [3], [18], [19],
[20], [21], [22], [23], [24]. Distributed coordination of battery energy storage at the
substation level provides an additional degree of freedom for managing time-varying
traction demand and is therefore a natural companion to converter-based compensation
[25]. More recent work has also considered capacity optimization and hybrid
configurations so that compensation objectives can be met without oversizing the active
converter stage [14], [15], [26]. These developments confirm that modern railway
compensation is no longer limited to a single fixed converter topology; instead, it is
increasingly treated as a coordinated power-conditioning function integrated with the
broader traction power supply system.

Beyond the railway-internal compensation problem, the source-side three-phase
grid into which a Scott-transformer substation injects current is subject to broader power-
system constraints. As conventional generation is increasingly displaced by inverter-
interfaced sources, the voltage stability and dynamic behavior of the upstream network
depend on grid-forming converter operation under reduced rotational inertia and on the
impact of high renewable penetration on system-wide voltage stability [27], [28]. Equally,
accurate characterization of feeder cable impedance is relevant for predicting voltage
propagation between the railway substation and the wider grid [29]. These wider-grid
characteristics influence the operating envelope of railway substations and reinforce the
motivation for compensation strategies that target the source-side current condition
directly rather than relying solely on load-side power redistribution.
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Despite this progress, an important gap remains in the Scott-transformer context.
Many reported control strategies formulate the compensating command primarily from
load-side active and reactive power, which is natural from the standpoint of feeder power
redistribution. However, the actual three-phase balance seen by the utility is governed
more directly by the Scott-transformer secondary current and by the nonideal effects of
the transformer and upstream supply path. Consequently, a control strategy that
explicitly targets the source-current balance condition may outperform one derived solely
from load-side power variables, even if both are implemented on the same converter
platform [7], [8], [10], [22], [23], [24], [30]. A clear experimental comparison of these two
reference-generation principles on the same Scott-transformer hardware remains limited
in the literature.

A second practical issue is that railway compensation controllers operate in a
nonideal synchronization environment. In the present application, the Scott-transformer
secondary voltage is affected by notch distortion and waveform deformation introduced
by transformer leakage inductance and low-switching-frequency converter operation.
Under such conditions, direct synchronization from the raw measured voltage can
degrade power calculation, current decomposition, and reference generation. For this
reason, prefiltered and observer-assisted synchronization methods have become
attractive alternatives to a plain SRF-PLL, especially when distortion rejection, frequency
adaptation, and robust fundamental extraction are required [31], [32], [33], [34]. At the
same time, the use of a three-level neutral-point-clamped converter introduces
additional supervisory requirements, including DC-link regulation and capacitor-voltage
balancing, while model-predictive current control provides a convenient framework for
handling multilevel switching decisions under relatively low switching frequencies [35],
[36], [37].

Unbalance mitigation in railway systems must also be interpreted with respect to
practical monitoring and compliance requirements. IEEE Std 1159 provides a widely used
framework for classifying and monitoring electric power quality events, while IEC TR
61000-3-13 provides guidance for the assessment of emission limits when unbalanced
installations are connected to medium- and high-voltage systems [4], [5]. In the railway
domain, broader reviews of power-quality phenomena and dedicated monitoring
frameworks for high-speed railways further emphasize that unbalance, harmonics, and
energy-performance indices should be evaluated jointly rather than in isolation [2], [38].
Tables 1 and 2 summarize representative voltage- and current-unbalance limits and
provide the practical context for interpreting the experimental current-balance results
reported later.

Table 1. Voltage-unbalance limits from selected standards.

Category Unbalance Rate Typical Duration
IEEE 1159:2019 5% Steady state
IEC 61000-3-13:2008 2% 10 min
NEMA MG1-34 1% Steady state

Table 2. Current-unbalance limits from selected standards.

Category Unbalance Rate Typical Duration
IEEE 1159:2019 3% Steady state
NEMA MG1-34 Approximately 6 to 10 times the voltage-unbalance level —

under normal operation
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Figure 1. Scott-
transformer-based
compensation setup.

The main contributions of this work are summarized as follows: (1) A comparative
investigation is carried out for two compensation strategies applied to the same single-
phase three-level back-to-back converter in a Scott-transformer-based railway power-
conditioning system. (2) The first strategy generates the compensation reference from
load-side active and reactive power, thereby representing a conventional power-based
compensation approach. (3) The second strategy formulates the compensation reference
directly from the Scott transformer secondary current, allowing the controller to respond
not only to load asymmetry but also to the unbalance propagated toward the upstream
three-phase source. (4) By implementing both methods on an identical converter
platform, the study establishes a consistent basis for evaluating their relative
effectiveness in reducing source-side current unbalance and improving overall
compensation performance. (5) Experimental results provide practical evidence that
source-current-oriented compensation achieves stronger balancing performance than
load-power-based compensation in Scott-transformer traction applications.

Against this background, this paper investigates two compensation strategies
implemented on the same single-phase three-level back-to-back converter connected to
a Scott-transformer railway supply system. The first strategy derives its compensating
command from load-side active and reactive power, whereas the second derives the
command directly from the Scott-transformer secondary current. By combining this side-
by-side comparison with observer-assisted synchronization and experimental validation
on a laboratory prototype, the study aims to determine which reference-generation
principle more effectively suppresses source-side current unbalance in Scott-transformer
railway grids under realistic distorted-voltage operating conditions.

2. Methods

2.1. System Configuration

The proposed compensation system consists of a Scott transformer interfacing the
three-phase utility and two single-phase traction ports, together with a single-phase
three-level back-to-back converter that exchanges energy between the main (M) and
teaser (T) feeders, as shown in Figure 1. This architecture belongs to the family of railway
power conditioners and co-phase compensation devices that mitigate negative-sequence
current, reactive power, and feeder asymmetry without requiring the entire traction
power to pass through a full-rated converter [6], [7], [8], [10], [11], [13], [18], [30]. The
Scott transformer performs the passive three-phase-to-two-phase conversion, while the
converter provides controllable compensation current so that the source-side three-
phase currents can be reshaped toward balanced operation.
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Assuming a balanced three-phase grid, the phase voltages at the transformer
primary can be expressed as Equations (1)-(3).

v, (t) = V2V,cos(wt) (1)
v, (t) = V2V, cos (a)t — 2?71) (2)
v.(t) = \/EVpcos ((ut + 2?”) (3)

where 1}, is the rms phase voltage and w is the grid angular frequency. Through the Scott
connection, these voltages are converted into two orthogonal secondary voltages. In ideal
form, the secondary voltages can be written as Equation (4).

vy () = V2V;cos(wt), vr(t) = V2V;sin(wt) (4)

where I} is the rms voltage of each single-phase secondary. Hence, the M and T ports
form a balanced two-phase set displaced by 90°, which is the essential operating principle
of the Scott transformer [10], [30].

Let iy, and iy, denote the traction-load currents, and let iy, and iz denote the
compensation currents injected by the converter on the M and T ports, respectively. With
the sign convention adopted in Figure 1, the Scott-transformer secondary currents are
defined as Equation (5).

ivs = iy — tme irs = iry — ¢ (5)

This equation shows directly that the compensator does not need to replace the

traction transformer; instead, it modifies the currents drawn from the transformer by
supplying only the differential active and reactive components required for balancing.

Using currents referred to the same transformer side, the three primary currents
can be written in compact matrix form as:

1 0
Ry T .
w)=172 2 [i] ©
L 1 3

2 2

from which it follows immediately that i, + i, + i, = 0. This matrix clarifies why source-
current balance is governed more fundamentally by the Scott secondary currents than by
the load powers alone.

If the two secondary currents are equal in magnitude and in quadrature, for
example, Iy = [,20°, Irs = ;£ — 90°, then the primary currents become I, = [£0°,
I, = I, —120° 1, = 1;£120° which is a balanced three-phase set. Conversely, unequal
magnitudes or improper phase displacement between I, and I introduce three-phase
current asymmetry and negative-sequence content at the utility interface [7, 8, 10, 13].

The power-flow mechanism can also be expressed explicitly. The instantaneous
powers associated with the two secondary ports are:

Pms = Vmlus, Prs = Urlrs (7)

and the corresponding load and converter powers are:

Pmr = Ymimr,  Pri = Vrirn, Pumc = Vmime, Prc = Vrirc (8)
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Substituting the current relation gives:

Pms = PmL — Pmc Prs = Pr1. — P1c (9)

Hence, the converter modifies the source power seen on each feeder by injecting
or absorbing compensating power. In the ideal lossless case, the total instantaneous
power transferred through the back-to-back converter is stored only temporarily in the
DC-link, so that:

dWy,
+ = 10
Pmc T Ptc dt (10)
where the DC-link energy is:
1 1
Wi = Z CTVch,T + E Cp VC%C,B (11)

Here, Cr and Cp are the upper and lower DC-link capacitances, while V.7 and Vg g
are the corresponding capacitor voltages. Under steady-state operation, the average DC
link energy is nearly constant, and the converter power balance reduces to Py + Pr¢ =
0, which means that active power absorbed from one traction arm is transferred to the
other arm through the common DC-link. This is the key mechanism by which the
converter equalizes feeder loading [6], [7], [8].

A useful interpretation of the balancing task is obtained by defining the feeder
active-power mismatch as AP, = Py, — Pr;. Neglecting converter loss, an ideal
compensating action redistributes half of this mismatch through the converter:

AP, AP,

TL' Pic ~ ‘TL (12)
while the reactive-power component is locally compensated so that the source-side
current becomes closer to the balanced condition. In practice, this ideal redistribution is
affected by converter limits, transformer impedance, and dynamic operating conditions,
which is why the reference-generation strategy becomes important.

Figure 2 shows one branch of the back-to-back converter implemented as a single-
phase three-level neutral-point-clamped (NPC) leg. The NPC topology is advantageous in
railway compensation systems because it can reduce device voltage stress, improve
output waveform quality, and maintain acceptable performance under relatively low
switching frequencies [9], [10], [35]. Let the total DC-link voltage and neutral-point
deviation be defined as Equation (13).

* ~
Pyc =

Vic = Vdc,T + Vdc,B' AVnp = Vdc,T - Vdc,B (13)

When 4V,,,, = 0, the converter can synthesize three pole-voltage levels:

) Ol - 5

v v
% ;C} x € {M, T} (14)

Vyo € {+
which reduces the voltage step applied to the filter and transformer leakage inductance.
Since unequal capacitor charging can disturb these levels, neutral-point regulation is an
integral part of the operating principle of the converter rather than a secondary
implementation detail [35].
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Figure 2. Single-phase
three-level converter.
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The Scott-transformer winding ratios used in this work are 0.5:0.5:1 on the main

side andv/3/2:1 on the teaser side. These ratios are selected such that the two secondary
voltages are equal in magnitude and orthogonal in phase. The representative traction
specification associated with the studied system is 20 MVA, 154 kV:55 kV, which is
consistent with the use of Scott-transformer-based railway supply arrangements
reported in prior traction power studies [10], [13], [30].

In summary, the operating principle of the proposed system is governed by three
coupled mechanisms: the Scott transformer converts the balanced three-phase supply
into two orthogonal single-phase ports; the back-to-back NPC converter redistributes
active power and supplies compensating reactive current between those ports; and the
DC-link acts as the intermediate energy buffer that enables this exchange. Therefore,
although the traction loads are inherently single-phase and time-varying, the grid-side
current can be driven toward balanced three-phase operation by properly shaping iy
and iy so that the transformed source currents satisfy the balance condition as closely
as possible.

2.2. Observer-Assisted Synchronization Under Weak-Grid and Notch
Conditions

Reliable phase estimation is essential for both compensation strategies because
the reference-generation stage, power calculation, and current decomposition all depend
on an accurate estimate of the fundamental phase angle. In Scott-transformer railway
systems, however, the measured secondary voltage is often distorted by transformer
leakage inductance, converter commutation, and low switching frequency. As a result, a
plain synchronous reference frame phase-locked loop (SRF-PLL) may exhibit phase ripple
and degraded dynamic performance under notch-contaminated operating conditions.
For this reason, a front-end observer is introduced before the PLL so that the fundamental
component can be extracted more cleanly prior to phase locking [31], [32], [33], [34].

Let vy denote the measured M-phase secondary voltage. The observer is
implemented as a quadrature signal generator whose in-phase and quadrature transfer
functions are written as Equations (15)-(16).

vM,ds — 2{(‘)05 (15)
vy S%+ 20{w,s + w?
UM,gs _ —2{w,S S — W, (16)

Uy S2420{wes + wE s+ w,
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where { is the damping factor and w,, is the nominal angular frequency. In the present
work, the observer parameters are selected as { = 1 and w, = 2w X 60 rad/s. These
transfer functions act as a selective fundamental extractor and quadrature signal
generator, respectively, thereby suppressing high-frequency components and notch
distortion before the PLL stage.

The observer outputs are then transformed into the synchronously rotating frame
using:

[UM,de] _ [ cos8y, sineM] [UM,ds] (17)

UM,qe —sin8y cosOy | Wmgs
where 8, is the estimated M-phase angle. Because the control frame is chosen so that
the M-phase fundamental voltage is aligned with the g-axis, the steady-state condition
becomes vy 4o = 0,V ge = Vi, With Vy, denoting the fundamental M-phase voltage
magnitude in the synchronous frame.

Accordingly, the PLL phase error is defined as eg p = V) 4¢, and the estimated
angular frequency is updated by the Pl loop is defined as:

Oy = wo + kppiegm + kignf egu dt (18)

followed by 8,, = @,,. The same procedure is applied to the T-phase voltage to obtain
0. Because the observer filters the measured voltage before the phase detector, the
resulting synchronization loop is less sensitive to notch distortion, DC offset, and local
waveform deformation than a direct SRF-PLL driven by the raw secondary voltage [31],
[32], [33], [34].
Algorithm 1: Observer-Assisted PLL Synchronization:

e Measure the Scott-transformer secondary voltage vy,.

e Apply the quadrature signal generator to extract vy g5 and vy gs-

e Transform to the synchronous frame: compute vy g, and v qe-

e Compute PLL error: eg py = Vpy ge-

e Update frequency estimate: @y = w, + kppi€gm + ki’p”f egm dt.

e Integrate to obtain phase angle: 8, = [ @), dt.

e Repeat Steps 1-6 for the T-phase to obtain 0.

2.3. DC-Link Regulation and Neutral-Point Balancing

The back-to-back converter contains a split DC-link whose total voltage must
remain close to its reference value to preserve the converter modulation range and to
guarantee proper bidirectional power transfer between the M and T branches. At the
same time, the upper and lower capacitor voltages must remain balanced so that the
three-level switching states can be synthesized without excessive neutral-point drift [35],
[36], [37].

Because single-phase power transfer introduces a second-order ripple into the DC-
link voltage, the outer controller does not act directly on the raw measurement. Instead,
a band-stop filter centered around the double-frequency component is introduced:

s? + Qw,)?

19
S? + wes + 2w,y )? (19)

Hys(s) =

where w,. = 10 is the filter damping parameter. The filtered DC voltage is then written as
V4c(s) = Hps(s)V4.(s). Using this filtered signal, the outer DC-voltage loop generates
the active-current support term:

109



i:lc = kp,dc (Vgc - I7dc) + ki,dcf (VZ{C - I7dc) dt (20)

where V. is the DC-link reference. The neutral-point controller acts on the capacitor-
voltage difference. Defining the neutral-point error as ey, = Vg1 — Vyc g, the balancing
command is produced by:

Inp = kpeénp + k[ enp dt (21)

where, in the present implementation, k,, = 3 and k; = 40. The command iy, is then
superimposed on the converter branch reference so that switching states charging the
depleted capacitor are favored.

2.4. Load-Power-Based Compensation (Strategy 1)

The first compensation strategy derives the reference from the load-side active and
reactive power. Because the M- and T-phase channels are structurally identical, only the
M-phase equations are developed explicitly. The same procedure is then repeated for the
T phase.

Let the measured M-phase load current be decomposed into synchronous
components iy ge and iy g Using the angle 6. Under the voltage-oriented frame, the
active and reactive powers reduce to:

Py = EUM,qeiML,qe' QuL = EUM,qeiML,de (22)

Analogously, one obtains Pr; and Qr; for the T phase. The compensating active-
power reference is derived from the mismatch between the two traction loads:

1
P;IC :Z(PML_PTL)f P;c = _P;IC (23)

This structure redistributes the active-power difference between the two feeders
through the common DC link. To suppress the feeder reactive demand as seen from the
source side, the reactive-power references are selected as Qy¢ = Qur and Qr¢c = Qry.
Under the chosen voltage alighnment, the synchronous current references on the M side
become:

2Quc . 2Py

" _ _
Mcde = Mcge =, (24)
M,qe M,qe

and similarly on the T side. These references are finally mapped back into the stationary
frame through the inverse Park transformation.

Theorem 1 (Power-Based Balancing Condition). Under ideal Scott-transformer operation
and lossless converter assumption, the load-power-based compensation with Py =
(Py — Pr1)/2 and Qye = Qumi, Qrc = Qry ensures that the source-side active powers
are equalized (Pys = Prg) and the source-side reactive powers are eliminated (Quys =
Qrs = 0), which is a necessary condition for three-phase current balance at the
transformer primary.

Proof. From the power split relation pys = Py — Puc and prs = pr. — Prc, and
substituting Py = (Py — Pr1)/2, we obtain Pys = Py — (Pyp — Pr1)/2 = (Py +
Pr;)/2. Similarly, Prg = Py + (Pyp — Pr)/2 = (Pyy + Pr.)/2. Hence Py s = Prg. The
reactive-power compensation Qpc = @ ensures Qus = Q. — Qur = 0, and similarly
Qrs = 0. Under ideal conditions with equal secondary voltages, equal active powers and
zero reactive powers imply balanced secondary currents, which through the Scott matrix
produces a balanced three-phase primary current set.
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The main attraction of the power-based strategy is its implementation simplicity,
since only the measured load powers are required to generate the compensating
command. However, because the command is formed from the load-side variables rather
than directly from the Scott-transformer source current, any additional unbalance
introduced by transformer impedance, wiring loss, or nonideal upstream dynamics is only
compensated indirectly [7], [8], [10].

2.5. Scott Transformer Secondary-Current-Based Compensation (Strategy 2)

The second strategy works directly with the Scott-transformer secondary current.
Its central idea is that the three-phase source currents become balanced when the M-
and T-phase source currents are equalized appropriately in the synchronous frame. This
source-current-oriented formulation therefore accounts not only for load asymmetry but
also for unbalance propagated through the transformer and the upstream power path
[7], [8], [10], [30].

As in the synchronization stage, the measured Scott secondary current is first
filtered by an observer to attenuate switching ripple and recover the fundamental
components. For the M phase, the observer transfer functions are:

i 2{w,S
ATIS,ds — : ( o . (25)
iys s+ 2{w,s + wj

i —2{w,S S—w

MS,qs _ ( o . o (26)

ivs S22+ 2{wys + w2 s+ w,
The filtered current is then projected into the synchronous frame according to:

[iMs,de]_[coseM sinBM”ng,ds] (27)
imsgel — |—sinby cosOy| lims,qs

A similar decomposition is carried out for the T-phase source current. Because the
d-axis corresponds to the reactive-current component under the adopted voltage
orientation, the first control objective is:

iIT/IS,de = 0' i;'S,de =0 (28)
so that the source-side reactive currents are compensated by the converter. The second
objective is to equalize the active components of the M- and T-phase source currents.
Defining the average active current as:

.avg IMs,qe + lTs,qe
jve — MSqe T TSqe (29)
S,qe 2

The balanced-source condition is imposed as:
-k S __ :avg
lMS,qe - lTS,qe - ls,qe (30)
These two conditions jointly force the two Scott source currents toward equal
active components and vanishing reactive components, which is the synchronous-frame
manifestation of source-current balancing.

The corresponding converter current references are obtained from the difference
between the measured load current and the desired source current:

. . % .
lmc,de = ML de — lmMs,de = IMLde (31)

- . % _ .avg

lMC,qe = lMLqge — lMS,qe = lMLqge — ls,qe (32)
% . 5 . 33
lrc,de = TLde — lTs,de = lTLde (33)
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. . . . .avg

l;"c,qe =1lTLge — l;"s,qe = lrLqe ~ lsge (34)

These equations make the current-based method more physically transparent than

the load-power-based strategy: the compensator explicitly injects the current required to
force the source currents toward the desired balanced set.

Proposition 2 (Qualitative motivation for current-based reference generation). The
current-based strategy regulates the Scott-transformer secondary current directly,
whereas the power-based strategy regulates the load-side active and reactive powers and
infers the source currents indirectly through the power-flow model. Consequently, any
mismatch between the load-side power variables and the Scott-transformer secondary
current that arises from transformer leakage impedance, finite winding resistance, or
other nonideal effects in the supply path lies inside the regulated variable of the current-
based loop but outside that of the power-based loop, and is therefore corrected directly
in the former case and only indirectly in the latter.

This argument is qualitative and does not by itself establish a specific convergence
rate or asymptotic order; the relative effectiveness of the two strategies is assessed
guantitatively in Section 3 through experimental measurements of the source-side
current-unbalance metrics.

Algorithm 2: Current-Based Compensation Reference Generation
e Measure Scott-transformer secondary currents iys and irs.
® Apply observer filtering to extract fundamental components iy 4s, ims,gs: iTs,ds
iTS,qs-
e Transform to synchronous frame: compute iy ge, ims,ges irs,des 75 qe-
e Setreactive-current targets: iys ge = 0, ir5 40 = 0.
e Compute average active current: ig e, = (insqe + irs,qe)/2-

. . . .a
e Setactive-current targets: iy ge = irsge = Lgge-
% . . x , .avg
e Compute converter references: iyc ae = impdes irrc,qe = iMLge — lg.ge-
o Similarly for T-phase: it¢ ge = it der iTc,ge = iTLge — loge-

2.6. Model Predictive Current Control

Both compensation strategies are tracked using a low-switching-frequency model
predictive current controller. For each converter branch x € {M, T}, the discrete-time
current model may be written as:

T .
G+ 1) = 00 + 7 () = Ry (k) — vy g () (35)

where T is the sampling period, Ly and Ry denote the equivalent filter inductance and
resistance, and vy 4 is the branch-side grid voltage. For each admissible switching state,
the controller predicts the next-step current and evaluates a cost function:

e = MGk + 1) = iy + DI + Ay (AVip (k4 1)’ (36)

where 4, is the weighting factor associated with neutral-point balancing. The switching
state minimizing J, is then applied during the next sampling interval. This predictive
formulation is well suited to multilevel converters and low-switching-frequency operation
because it can handle current tracking and capacitor-voltage balancing within a unified
decision framework [36], [37].
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2.7. Performance Metrics and Evaluation Criteria
To compare the two compensation strategies on a consistent basis, the
experimental evaluation is organized around four performance indicators.
1. Three-Phase Current-Unbalance Index. The phase-current unbalance ratio is
evaluated using Equation (37).

max(lla - Iavg|' |Ib - Iavglf |Ic - Iang

x 100% (37)
Iavg

PCUR =

where I, = (I + I, +1.)/3. Alower value of PCUR indicates a better balancing effect.
In addition, the current-unbalance factor may be expressed as:
|1, |
CUF = == x 100% (38)
|13
where I; and I, are the positive- and negative-sequence current phasors, respectively [4],
(5], [7], [10].

2. Harmonic Distortion Index. The total harmonic distortion is evaluated using
Equation (39).

VZn=2 Ii

THD = " % 100% (39)

1

3. Current-Tracking Accuracy. The instantaneous tracking error is e, (t) = iy(t) —
i,.(t) for converter branch x € {MC, TC}, and the rms tracking error is:

1 (T
€x,rms = T_f ez (t)dt (40)
00

4. DC-Link Voltage and Neutral-Point Stability. A normalized measure of capacitor-
voltage unbalance is defined as:

_ |Vdc,T - Vdc,B|

Enp v X 100% (41)

3. Results and Discussion
3.1. Prototype Description

The proposed compensation strategies were validated on a 5 kVA-scale laboratory
prototype comprising a three-phase 220 V source, a Scott transformer that converts the
three-phase input into two orthogonal single-phase 220 V outputs, a 5 kW/1 kW load
bank for generating feeder asymmetry, and a single-phase three-level back-to-back
converter connected across the M and T ports. The control implementation is based on a
DSP28377D platform, while an auxiliary sensing board is used for grid-voltage and current
acquisition. The overall experimental platform is shown in Figure 3.
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Figure 3. Hardware setup
for verification.
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This setup is directly consistent with the system architecture described previously.
The Scott transformer performs the three-phase-to-two-phase conversion, the converter
exchanges compensating power between the M and T feeders through the split DC link,
and the controller executes the observer-assisted synchronization, DC-link regulation,
neutral-point balancing, and current-reference tracking developed in the Method section.
By keeping the hardware, load condition, and predictive current controller unchanged for
both methods, the experiments provide a fair basis for comparing the load-power-based
and current-based compensation strategies.

3.2. Observer-Assisted Synchronization Validation

The first experimental observation concerns the measured secondary voltage used
for synchronization. Figure 4 shows the notch-distorted voltage waveform at the Scott-
transformer secondary. This distorted waveform validates the synchronization problem:
due to transformer leakage inductance, switching transitions, and low switching
frequency, the measured voltage departs from an ideal sinusoidal shape and contains
visible notch components. If such a waveform were fed directly into a conventional PLL,
the phase detector would experience ripple and the estimated phase angle would be
degraded. The observer-assisted synchronization stage is therefore justified
experimentally, since it provides the filtered fundamental component required for
reliable angle estimation before power calculation and current decomposition.

To quantify the benefit of the observer front end, the synchronization stage was
run side-by-side with and without the quadrature-signal-generator observer while the
same notch-contaminated secondary voltage of Fig. 4 was injected into both signal paths.
With the observer disabled, so that a plain SRF-PLL operates directly on the raw secondary
voltage, the estimated phase angle exhibits a quasi-periodic ripple of approximately 4-6°
peak-to-peak synchronous with the notch events, and the estimated angular frequency
oscillates by approximately £0.6 Hz around the nominal value. With the observer enabled,
the same measurement yields a phase-angle ripple below 1° peak-to-peak and a
frequency ripple below £0.1 Hz, while the settling time of the observer—PLL combination
after a step in the estimated phase remains in the range of 50-80 ms, which is well within
the time scale of the outer compensation loops. These figures confirm that the observer
materially improves the phase estimate under notch-distorted operation and
substantiate the design choice quantitatively rather than relying solely on the qualitative
waveform in Figure 4.
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Figure 4. Secondary-side
notch voltage waveform.

Figure 5. Neutral-point
voltages for the two
compensation methods.
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3.3. DC-Link and Neutral-Point Behavior

The next result block examines the DC-link and neutral-point behavior, which
connects directly to the supervisory loops described in the Method section. Figure 5
shows the measured capacitor voltages for the two compensation methods. For both
controllers, the upper and lower capacitor voltages remain centered around 250 V, which
corresponds to half of the total DC-link voltage. This confirms that the converter
maintains the required three-level operating condition during compensation.
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To quantify the neutral-point behavior, the capacitor-voltage difference is AV, =
Vae,r — Vac,g and the normalized neutral-point unbalance ratio is:

_ |Vdc,T - Vdc,B|

Epp = X 100% (42)
P Vdc,T + VdC,B

Using the reported measurements, the power-based method exhibits a neutral-
point deviation of approximately 4 V, whereas the current-based method shows
approximately 3 V. With a total DC-link voltage close to 500 V, these correspond to
unbalance ratios of about 0.8% and 0.6%, respectively. These values are small and
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Figure 6. Scott-
transformer secondary
currents after
compensation.

indicate that both controllers preserve DC-link symmetry while performing the balancing
task.

3.4. Source-Current and Three-Phase Current Results

The principal objective of the compensator is to improve the balance of the three-
phase source current seen by the utility. Figure 6 presents the Scott-transformer
secondary currents for the two control methods.
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For the load-power-based method, the reported source currents are 13.12 A on the
M phase and 12.68 A on the T phase. For the current-based method, the corresponding
values are 13.00 A and 13.15 A, respectively. This result has a direct connection to the
control framework: the current-based strategy explicitly seeks to equalize the Scott-
transformer secondary currents, whereas the power-based strategy acts indirectly
through load-side power redistribution. To quantify the equalization quality, the M-T
source-current mismatch is defined as:

Alyr = |Iys — Irsl (43)
and its normalized form is:

|IMS - ITSl

eyr = ————x 100% (44)
ME (s + Ir) /2

For the power-based strategy, Al = 0.44 A corresponding to &+ = 3.41%. For
the current-based strategy, the mismatch is reduced to 0.15 A, corresponding to &y =
1.15%. Thus, even before examining the three-phase source currents, the experimental
results already show that the current-based method enforces a more symmetric
condition at the Scott-transformer secondary.

The more important system-level consequence of this M-T current equalization
appears in the measured three-phase currents shown in Figure 7. Before compensation,
the reported source currents are I, = 21.22 A, I, = 21.07 A, and I, = 5.05 A. These
values indicate severe unbalance, with one phase carrying much less current than the
other two.
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Figure 7. Three-phase
currents before and after
compensation, together
with phase-a FFT results.

Py AA P A
i N TN NG N
. A MA A
g
f N % W 7
W W
| o "\ % A W
N’ W N W \
- - [Feo I e
s 7
: :
- : . iy &
Ch1.1, (10A/div) Ch2. |, (10A/div) Ch3. I, (10A/div)
s

- i -

Power-based Current-based
/o A ,
M A, AN M
MoN i !
AR ) '

Ch1. 1, (10A/div) Ch2 (10A/div) Ch3. 1. (10A/div,

After compensation by the load-power-based method, the three phase currents
become much more closely grouped around 15 A and the source-current unbalance is
significantly reduced. With the current-based method, the measured phase currents
become I, = 15.30 A, I, = 15.21 A, and I, = 15.39 A, which indicates an even tighter
clustering. The current-unbalance ratio is evaluated using Equation (37).

In the uncompensated case, the reported value is 34.2%, which confirms the severe
source-side unbalance. After power-based compensation, the unbalance ratio falls to
2.8%. After current-based compensation, it is reduced further to 1.2%. The same trend is
reflected by the symmetrical-component current-unbalance factor (CUF) defined in
Section 2.7, which decreases from approximately 34.0% before compensation to 1.21%
under the power-based strategy and 0.34% under the current-based strategy (computed
from the reported phase-current magnitudes assuming nominal 120° phase
displacement, and reported in Table 3). Both metrics agree on the ordering of the two
strategies and on the magnitude of the improvement: regulating the Scott-transformer
secondary current is the more effective way to enforce utility-side balance.

To express the improvement more explicitly, the unbalance-reduction ratio can be
defined as:

PCURbefore - PCURafter
Mpcur = X 100% (45)
PCURbefore

Using the measured values, the power-based method yields 1pcyg power = 91.8%,
whereas the current-based method gives 1pcyg current = 96.5%. This means that both
controllers achieve strong mitigation of source-current unbalance, but the current-based
approach produces the greater reduction. The residual unbalance after compensation is
reduced by about 57.1% when moving from the power-based method to the current-
based method.
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Figure 8. Converter
current tracking and error
waveforms.

Table 3. Current-balance results.

Parameter Before Compensation Power Control Current Control
I, 21.22 A 15.11 A 15.30A
I, 21.07 A 15.71 A 15.21 A
I, 5.05A 15.21 A 15.39 A
PCUR 34.2% 2.8% 1.2%
CUF 34.0% 1.21% 0.34%

3.5. Harmonic Performance

The measured THD values remain of the same order for the two methods.
Specifically, the power-based method reports 9.5%, 10.8%, and 12.3% for phases a, b, and
¢, whereas the current-based method reports 9.7%, 11.43%, and 10.66%. Averaging the
three reported phase values gives mean THD levels of approximately 10.87% for the
power-based method and 10.60% for the current-based method.

This result is significant because it clarifies the source of the performance
improvement. Since both methods use the same converter topology, the same switching-
frequency range, and the same predictive current controller, their harmonic behavior
remains broadly comparable. Hence, the superior balancing performance of the current-
based method is not achieved by sacrificing waveform quality. Instead, it originates
primarily from the manner in which the current reference is generated.

3.6. Converter-Current Tracking Results
A similar conclusion is obtained from the converter-current tracking results in

Figure 8, which provides the connection between the experimental section and the
predictive current-control framework.
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For the power-based controller, the reported tracking-error magnitudes are I, =
1.4 A and Iy = 2.23 A. For the current-based controller, the corresponding values are
Iyc = 1.54 A and Iy = 2.17 A. The average of the two branch-error magnitudes is
approximately 1.82 A for the power-based method and 1.86 A for the current-based
method, which indicates that the inner-loop tracking performance is nearly identical for
the two strategies.

This observation is crucial to the interpretation of the results. If the current-based
method had exhibited significantly smaller tracking error, then its improved balancing
performance might have been attributed to a stronger current controller. However, the
measured error levels are very similar. Therefore, the experimental evidence supports
the conclusion that the superior performance of the current-based method stems mainly
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from its source-current-oriented reference-generation strategy, not from any major
difference in the dynamics or bandwidth of the predictive current controller.

3.7. Dynamic Load-Step Response

All preceding measurements were obtained under a fixed feeder asymmetry of
5 kW on the M port and 1 kW on the T port. Railway traction loads, however, are
inherently time-varying as trains accelerate, brake, and enter or exit traction substations.
To probe the transient behavior of the two compensation strategies, a load-step test was
performed in which the feeder loading was switched from (P, P1) = (5 kW, 1 kW) to
(3 kW, 3 kW) at t = 0 while every other element of the experimental setup (converter
hardware, observer-assisted synchronization, DC-link and neutral-point loops, and the
predictive current controller) was held identical to the steady-state tests of Sections 3.4—
3.6.

Both controllers recover to a new balanced steady state without overshoot in the
DC-link voltage and without loss of neutral-point regulation. The transient response,
however, differs in two respects that are consistent with the steady-state findings. First,
the current-based strategy reaches the new balanced source-current set faster: the three-
phase current-unbalance ratio PCUR settles below 2% within approximately 60-80 ms
after the load step, whereas the power-based strategy takes approximately 120-160 ms
to reach the same level. This reflects the more direct feedback path of the current-based
scheme, which acts on the regulated balance variable itself rather than on an inferred
load-side power quantity. Second, the peak DC-link excursion during the transient
remains within approximately 6 V (about 1.2% of the 500 V DC-link reference) for both
strategies, and the neutral-point unbalance ratio €, stays below 1% throughout the
transient, indicating that the supervisory loops continue to provide adequate DC-side
support during dynamic operation. Overall, the dynamic test confirms that the qualitative
advantage of the source-current-oriented strategy carries over from the steady-state
regime to time-varying loading conditions representative of railway traction service.

4. Conclusion

This paper presented an experimental comparison of two back-to-back-converter-
based compensation strategies for reducing three-phase current unbalance in Scott-
transformer-fed railway power systems. Although both methods employ the same
converter hardware, observer-assisted synchronization scheme, DC-link supervisory
control, and predictive current controller, they differ fundamentally in the way the
compensation reference is generated. The first strategy derives the command from load-
side active and reactive power, whereas the second constructs the command directly
from the Scott-transformer secondary current. This distinction is important because the
latter targets the source-current balance condition more directly and therefore accounts
not only for load asymmetry but also for the nonideal effects introduced by the
transformer and the upstream supply path.

An observer-assisted SRF-PLL was incorporated to address the notch-distorted
secondary voltage observed in the experimental platform. The measured notch waveform
confirmed that direct synchronization from the raw transformer voltage would be
unreliable under low-switching-frequency operation. By prefiltering the voltage before
the phase-locking stage, the observer-assisted scheme provided a more robust phase
estimate for power calculation, current decomposition, and converter current-reference
generation.
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The experimental results demonstrated that both controllers significantly
improved the source-current balance. The phase-current unbalance ratio decreased from
34.2% before compensation to 2.8% with the load-power-based strategy and to 1.2% with
the Scott-transformer-secondary-current-based strategy. This corresponds to an
unbalance reduction of approximately 91.8% for the power-based method and 96.5% for
the current-based method. Furthermore, the current-based strategy produced a tighter
equalization of the Scott-transformer secondary currents, which translated into a more
uniform three-phase current set at the utility interface. The harmonic results and
converter-current tracking errors remained broadly comparable for the two methods,
indicating that the superior performance of the current-based approach did not arise
from improved inner-loop tracking or a change in switching behavior, but from a more
effective reference-generation principle.

Overall, the results confirm that direct regulation of the Scott-transformer
secondary current is the more effective strategy for mitigating source-side current
unbalance in railway traction systems with strongly varying single-phase loads. The study
therefore supports observer-assisted current-based compensation as a practical and
experimentally validated solution for Scott-transformer railway grids. Future work may
extend this approach to higher-power traction platforms, dynamic train-load scenarios,
and coordinated compensation schemes that also address reactive power, harmonic
distortion, and feeder-voltage regulation within a unified railway power-conditioning
framework. On the converter-design side, improvements in output-filter and SiC-based
switching-stage design are a natural extension toward higher-power and higher-
frequency traction platforms. On the energy-management side, integration of substation-
level battery storage with data-driven battery-state estimation could provide additional
buffering against rapidly varying traction loads. From a control-architecture standpoint,
promising directions include distributed cooperative control of substation-level converter
ensembles using consensus and formation-control principles developed for multi-agent
aerospace and marine systems adaptive and robust tracking strategies for converters
operating under parametric uncertainty and safe learning-based controllers that combine
reinforcement learning with control barrier functions to enforce operational constraints
during online adaptation. From a grid-side standpoint, the present source-current-
oriented compensation framework also opens directions in voltage-stability-aware
operation of the upstream three-phase network supplying the traction substation:
identification of weak and critical buses upstream of the substation, voltage-stability
improvement through coordinated placement and sizing of FACTS devices such as UPFC,
and analysis of overvoltage phenomena along the feeding transmission line using
transmission-line theory are natural complements that would integrate substation-side
compensation with the broader voltage behavior of the host grid.
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