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Abstract

This study proposes a fault-tolerant low-authority injection (LAI) current-sharing strategy
for parallel DC-DC converters. A dual-operational-amplifier architecture is adopted, and a
resistor-diode injection interface is introduced to limit the influence of the current-sharing
loop on the primary voltage-regulation loop. A piecewise injection model and a simplified
small-signal model are developed. A three-module 36 V/5 V half-bridge prototype is
experimentally evaluated. At total output currents of 30 A and 90 A, the maximum current-
sharing errors are approximately 6.0% and 6.4%, respectively. The converter also maintains
stable operation during an intentional current-sharing-bus short-circuit test. The proposed
LAI method provides a simple hardware-oriented solution that achieves effective current
redistribution while restricting sharing-loop authority and improving fault tolerance.

Keywords: parallel DC-DC converters; active current sharing; low-authority injection; fault
tolerance; stability analysis

1. Introduction

Parallel operation is an effective approach for increasing the power capability, modu-
larity, redundancy, and thermal utilization of power electronic converter systems. However,
unavoidable mismatches among semiconductor devices, passive components, intercon-
nection impedances, sensing circuits, and local voltage references can lead to unequal
current distribution among parallel branches [1-3]. Current imbalance has been extensively
investigated at both the semiconductor-device and converter levels, where parasitic pa-
rameters and device tolerances can significantly influence current distribution [4,5]. At
the converter-system level, unequal branch currents and circulating currents may increase
electrical and thermal stress, reduce available power capability, and adversely affect the
reliability of parallel operation [6-9]. Therefore, accurate and reliable current sharing
remains an important design objective for modular power conversion systems [10-12].

A variety of current-sharing strategies have been developed to mitigate these problems.
Droop-based control regulates the module operating point by introducing an equivalent
output resistance or virtual impedance and is attractive because of its decentralized imple-
mentation and reduced dependence on a dedicated communication link [13-15]. However,
improving current-sharing accuracy through a larger droop characteristic generally in-
creases the output voltage deviation, resulting in an inherent compromise between current
sharing and voltage regulation. Master—slave current-sharing control provides another
widely used approach, in which a designated master module or supervisory controller
establishes the current reference for the remaining modules [16-18]. Although accurate
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current tracking can be achieved, system operation becomes dependent on the master
controller and the associated reference or communication path.

Average Current Sharing (ACS) provides an alternative solution for parallel con-
verter systems. In an analog ACS architecture, the sensed-current information of the
participating modules is combined through a common sharing signal, and each mod-
ule adjusts its local operating point according to the difference between its own current
and the shared current information [19-21]. Digital current-sharing, virtual-impedance-
based control, instantaneous current-sharing, and communication-assisted coordination
have also been investigated to improve dynamic current distribution and system flexibil-
ity [22-25]. These techniques can provide effective current balancing, but their implemen-
tation may involve additional sensing, communication, processing, synchronization, or
compensation requirements.

More recently, fuzzy and optimization-based controllers, optimized PID regulation,
dynamic compensation of resonant converters, current-sharing optimization for nonidenti-
cal modules, topology-assisted self-balancing, and intelligent decentralized control have
been investigated to improve current distribution under converter mismatch and varying
operating conditions [26-31]. These studies demonstrate that current-sharing performance
depends not only on the selected control algorithm but also on component tolerances,
converter dynamics, interconnection characteristics, and the manner in which the current-
sharing correction signal interacts with the primary converter controller. From a broader
system perspective, converter-level operating characteristics also influence higher-level
coordination in converter-dominated power systems. In hybrid AC/DC networked micro-
grids, converter-model fidelity can affect conversion-loss representation, dispatch feasibility,
and computational efficiency [32].

To address this issue, this study proposes a fault-tolerant low-authority injection (LAI)
current-sharing strategy for parallel DC-DC converters. Instead of allowing the current-
sharing controller to directly dominate the voltage reference or PWM command, the
proposed architecture introduces a resistor-diode injection interface between the current-
sharing error amplifier and the primary voltage-regulation loop. The high-impedance path
intentionally limits the coupling between the two control loops, while the diode branch pro-
vides direction-dependent correction. Consequently, the objective of the proposed method
is not to claim universally superior current-sharing accuracy or transient performance
compared with all existing approaches but to achieve a practical compromise between
current redistribution capability and restricted sharing-loop authority.

The main contributions of this work are as follows. First, a dual-operational-amplifier
current-sharing architecture is developed to decouple current sensing, error compensa-
tion, and voltage-reference injection. Second, a piecewise model of the LAI interface is
established considering the diode state, injection network, and operational-amplifier limits.
Third, the parallel system is analyzed in terms of common and differential modes to clarify
the action of the current-sharing loop. Finally, the proposed method is experimentally
verified on a three-module 36 V/5 V prototype under steady-state, load-transient, fault,
and thermal conditions.

2. Proposed Fault-Tolerant LAI Current-Sharing Architecture
2.1. Overall Architecture of the Proposed LAI Current-Sharing System

Current-sharing control for parallel DC-DC converters has been extensively in-
vestigated using droop-based, active current-sharing, and compensation-based ap-
proaches [25,26]. Recent studies have demonstrated that appropriate current-sensing
and compensation are essential for suppressing current imbalance caused by converter-
parameter mismatch and interconnection impedance [19,28]. Based on these considerations,
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a fault-tolerant LAI current-sharing architecture is proposed in this work. The proposed
topology integrates a power stage with a dual-loop control scheme: an outer voltage loop
for output regulation and an inner current-sharing loop for discrepancy mitigation. The
control process is illustrated in Figure 1a. The overall structure is composed of three func-
tional blocks illustrated in Figure 1b: a high-precision differential current-sensing stage, an
analog current-sharing bus with error amplification, and a LAl interface connected to the
primary voltage regulation loop.

[ ] iVoltage Regulation Loop
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Figure 1. (a) Functional block diagram of the proposed LAI current-sharing control strategy. (b) The
overall architecture of the proposed LAI current-sharing system scheme.

The proposed architecture adopts a dual-operational-amplifier configuration. The
first operational amplifier (Uy) is responsible for extracting the local inductor current
information with high common-mode noise immunity, while the second operational am-
plifier (Ug) processes the current-sharing error between the local module current and the
average current signal generated by the sharing bus. Different from conventional ACS
approaches, the output of the current-sharing error amplifier is not directly connected to
the PWM control loop. Instead, the correction signal is injected into the voltage reference
node through a high-impedance resistor-diode network, thereby limiting the maximum
control authority of the sharing loop.

The first-stage high-precision differential sampling circuit is shown in Figure 2. The
local inductor current is sensed via a shunt or the DC resistance (DCR) of the inductor,
yielding a sense voltage Vs;s. The output of the sensing stage, Vi, is derived as follows:

{ Vsns(s) = Va(s) — Vp(s)

N R R 1)
Vuals) = iy {1 + R2(1+53R3C1)} Va(s) — W;Rs(?l)vb(s)
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Figure 2. High-precision differential sampling circuit.

The differential sensing gain Gg;s is determined by the matched resistor ratios
(R3/Ry = Rg/Rj). To suppress high-frequency switching noise, a first-order low-pass
filter is integrated with a pole frequency:

1

fr= 7RGy 2)

Unlike single-ended amplifiers, this differential structure ensures that the current
signal Vj,,; remains referenced to the local signal ground while rejecting common-mode
transients caused by high di/dt switching nodes, which is critical for maintaining a stable
sharing bus in high-power-density layouts.

The current-sharing bus (Vgp) facilitates the exchange of current information between
N parallel modules. Each module connects to this common bus through a synchroniza-
tion resistor Rs. The bus voltage naturally converges to the mathematical average of all
module outputs:

1 N
Vess =~ Y, Viou,i 3)
N i=1
The second-stage analog current-sharing error amplifier (CSEA) circuit is shown in
Figure 3.
R9
Vref R6

RI11 C3

———|

1]
"
ca
Figure 3. Current-sharing error amplification circuit.

It compares the local current signal Vj,,; with the global average Vcgp. The error
signal €5, = Vicsp — Viour is processed by a proportional-integral (PI) compensator defined
by Ry; and Cs. The transfer function of the CSEA is:

Verr_sh(s) _ 1+ SR11C3
€sn () SRsC3

Gah_eals) = 4)
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The PI characteristics ensure zero steady-state error in current distribution. If a
module’s current is higher than the average, V,,, 5, decreases, initiating the injection
mechanism to reduce that module’s output contribution.

2.2. Low-Authority Injection Interface

In conventional active current-sharing and master-slave implementations, the current-
sharing correction is generally introduced by modifying the local voltage reference, cur-
rent command, duty-ratio command, or equivalent output characteristic [16-21]. Such
approaches provide effective current regulation, but the magnitude of the correction com-
mand also determines the degree of interaction between the current-sharing controller and
the primary converter-control loop [18,20]. Against this background, the key feature of
the proposed method is the introduction of a low-authority injection interface between
the current-sharing error amplifier and the primary voltage-control loop. In conventional
ACS structures, the sharing correction signal is directly injected into the voltage reference
or PWM modulation stage. Such high-authority control can improve current balancing
accuracy but may cause excessive voltage deviation when the sharing signal becomes
abnormal.

In the proposed architecture, the output of Up is connected to the non-inverting input
terminal of the voltage error amplifier through a high-impedance resistor-diode network,
as illustrated in Figure 4.

Vre'
! Vref
v Rz Rt l R l
R “n' . liv
o—+ i Verrfsh 'i‘ <ll_J + N UB Verrth R13 linj o
° — Vea (‘) — (*)
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_:}_{ R, 1 12
}_ ! —:}—{ }— Rz
i L i
- 11 —
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Figure 4. Mechanism diagram of LAI regulation strategy.

Figure 4 illustrates the two operating states of the LAl interface. When the diode is
blocked, the sharing controller remains weakly coupled to EA+ through Ry3. When the
diode is forward biased, the additional D;-R;, branch is activated and provides a stronger
direction-selective sinking action. Therefore, D; does not completely connect or disconnect
the sharing loop; instead, it changes the effective injection impedance and control authority.

Let Vs be the master reference voltage and Rg;y1,R4i02 be the internal voltage divider
of the controller. The modified reference voltage V,.r at the EA + node can be expressed
using the superposition principle:

Rq3 Req
/ B . — . —
Vref = Vref (RlS ¥ qu) + Verr_sh (ng T Req )

where R, is the equivalent parallel resistance of the internal divider. Since Ry3 is chosen to
be much larger than R, (e.g., 510 kQ) vs. 10 kQ)), the “ Authority” or the maximum voltage
deviation AV, is strictly bounded:

Req

R (6)

AViay = (Vref - Verr?sh,min) :
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In this design, AV, is limited to approximately 1% to 5% of the nominal output
voltage. This “low-authority” ensures that even if the sharing bus is shorted to ground
(Vesp = 0), the output voltage will only drop by a negligible margin, preventing system-
wide collapse. The diode D; performs two critical functions:

1.  Unidirectional Sinking: It ensures the sharing loop only “pulls down” the reference.
This prevents modules from fighting each other by “pulling up” the voltage unneces-
sarily, which could lead to output over-voltage.

2. Reverse-Flow Prevention: During start-up or module failure, D; prevents current from
the sharing bus from flowing back into the local controller, providing hardware-level
isolation.

To prevent the sharing loop from oscillating with the voltage loop, the “injection
strength” is tuned by Ry3. Theoretically, the total loop gain Ty is attenuated by the
factor Kijy;.

When D; is reverse biased, the D;-R1, branch is inactive, whereas Ry3 remains con-
nected. Applying Kirchhoff’s current law to the EA+ node gives:

Req
Kinj,off = m

(7)

When D; is forward biased, the D;-Rj, branch provides an additional current path.
The EA+ node equation becomes:

Rl
12
4L

The two operating states demonstrate that the LAI interface is intrinsically nonlinear.
The R;3 path remains active in both states and provides weak high-impedance coupling,
whereas the D;-Rj, branch is activated only when the diode conduction condition is
satisfied and provides an additional direction-selective correction path. By setting Ry3 to a
high value, the sharing loop is forced to have a much lower crossover frequency than the
voltage loop, achieving frequency decoupling without requiring complex digital filtering.

This design introduces an inherent separation between current-sharing regulation
and voltage regulation. The voltage loop maintains dominant control authority over the
output voltage, whereas the current-sharing loop provides only a small correction signal to
compensate for module mismatch. Therefore, the proposed architecture achieves a balance
between current-sharing accuracy and system robustness.

3. Small-Signal Modeling and Control Strategy
3.1. Small-Signal Model of the Single Module

Small-signal modeling is widely used to analyze the dynamic behavior and stability
of parallel-connected DC-DC converters [16,17,33]. Classical studies established dynamic
models for paralleled converters with current-sharing control [16,17], while recent work
has further demonstrated that converter output impedance and inter-converter interaction
can significantly influence the dynamics of multi-converter DC systems [33]. Therefore,
the current-sharing loop should be analyzed together with the primary voltage-regulation
dynamics rather than being treated as an independent controller.

Based on this general modeling framework, a small-signal model specifically incorpo-
rating the proposed LAl interface is developed in this section. The objective is to analyze
the relationship among the current-sensing path, current-sharing compensator, injection
gain, primary voltage loop, and interactions among parallel modules.
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For a single DC-DC converter module, the closed-loop voltage regulation can be
generalized. Let H,( be the voltage sensing gain and G, be the control-to-output
transfer function. The primary voltage loop gain is:

Tys) = Gea () GpuwmGoc(s)Ho (s) )

Under closed-loop voltage control, the response of the inductor current 77 (s) to a
perturbation in the reference voltage ,.¢(s) (at the EA+ node) is defined by the reference-
to-current transconductance Gj, (s):

iy dLs) 1 T(s)  Gicls)
Gw(S)_ﬁref(S)_Hv(S) T+ To(s)  Goels) (10)

where Gj.(s) is the control-to-inductor-current transfer function. In the low-frequency

range where current sharing operates, T (s) > 1, simplifying:
1 . Gic (S)

Hy(s) Gye(s)

Giy (5 ) = (11)

In an N-module parallel system, all modules are connected to the common bus V¢sp.
The small-signal perturbation of the bus voltage Vcsp is the average of all individual
current-sensing signals vy, x:

N
UCSB Z 6 Tout, k (12)

For the j-th module, the error signal &;(s) processed by its local error amplifier (Up) is:

A

€j(s) = Dcsp (S) - Z3Ioul‘,j (5) (13)

Substituting (12) into (13), we obtain:

Z Orout k() — (N — 1)d1ou1,(s) (14)
N iz

Equation (14) shows that the error signal for a specific module depends not only on its
own current but also on the collective behavior of the other N-1 modules.

3.2. Current-Sharing Loop Gain

The current-sharing loop gain determines the dynamic response of the auxiliary
sharing controller and its interaction with the local converter-control loop. Similar loop-
gain-based analyses have been widely adopted for paralleled converter systems and
compensation-based current-sharing controllers [17,20,28,33]. Following this modeling
framework, the sensing path, sharing-error compensator, LAI gain, and reference-to-current
transfer function are combined to obtain the current-sharing loop gain of the proposed sys-
tem. The current-sharing loop is closed when the output of the SEA (v,,, 4,) is injected into
the reference node. The relationship between the current-sensing signal and the inductor
current is:

@Iout(s) = Rens - Gens - His (S) : ZfL (S) (15)

where Hj (s) is the sensing filter transfer function from (1). The injection gain Kj, j, derived
in Section 2.2, relates the SEA output to the reference perturbation:

ﬁzlfef = Kinj - Derr_sh (16)
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Combining these elements, the open-loop gain of the current-sharing loop Ty (s) for a
single module within the parallel cluster is expressed as:

N-1

Tsh(s) = (N) : His(s) : Gsh_eu(s) 'Kinj : Giv(s) ’ (RsnsGsns) (17)

where Gy, ¢, (s) is the PI compensator transfer function.

3.3. Stability Considerations Under the Simplified Model

The stability of parallel converter systems is closely related to the interaction among
local converter loops, current-sharing dynamics, and the common DC bus [17,20,33]. Re-
cent studies have also shown that compensation parameters, converter impedance, and
controller bandwidth have a direct influence on transient current redistribution and system
stability [20,28,33]. Therefore, the current-sharing loop in the proposed architecture is inten-
tionally designed with a lower bandwidth than the primary voltage-regulation loop. The
stability of the parallel system is governed by the loop gain Ty (). Two critical observations
can be drawn from (16):

1. Impact of Module Count (N): The term (N — 1)/N is the “scaling factor.” As N
increases from 2 to oo, this factor increases from 0.5 to 1. This implies that the current-
sharing loop gain is highest when N is large. Therefore, to ensure absolute stability,
the compensator Gy, ., (s) must be designed for the worst-case scenario (N — o0):

Tsh,max (S) ~ Hi (S) : Gsh_ea (S) : Kinj ' Giv (S) . (RsnsGsns) (18)

2. Frequency Decoupling: To prevent adverse interactions (such as beat-frequency oscil-
lations) between the voltage loop and the sharing loop, the crossover frequency of
T, (s), denoted as fyj,, must be significantly lower than the crossover frequency of the
voltage loop f,. Typically:

1
fsh < Efv (19)

The proposed LAl via Ry3 provides a small Kj; (typically < 0.02). This high-impedance
path inherently attenuates the sharing loop gain, making it easier to achieve the condition
in (18) without necessitating a very-low-bandwidth PI controller, which would otherwise
slow down the transient current redistribution.

3.4. Control Strategy Implementation

Practical implementation of parallel-converter current-sharing controllers generally
requires coordinated design of the current-sensing path, compensation network, and the
interaction with the primary voltage controller [20,21,28]. Compensation-based approaches
commonly use PI-type regulators or related dynamic compensators to shape the current-
sharing-loop bandwidth and transient response [20,27,28]. Based on these established
design principles, the proposed LAI controller is implemented by jointly selecting the PI
compensator, injection authority, and unidirectional command logic. The goal is to ensure
that the current-sharing loop resides in a lower-frequency band than the voltage loop to
maintain global stability.

To prevent competitive interactions between the local voltage regulation and the global
current sharing, a strict frequency decoupling strategy is implemented.

1. PI Compensator Tuning

Using the model from (15), the proportional gain K, and integral time constant T; of
the SEA (Ug) are selected such that:

|Tsh(j27tfsh)|: 1 (20
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where f, = 11—0 fo , the zero of the PI compensator, f, = 1/(271R11C3), is typically placed at
fsn/2 to provide sufficient phase boost.

2. Injection Authority Boundary

The injection authority is defined as the relative change in the reference voltage at
the EA+ node caused by the current-sharing correction signal. Let V¢ denote the original
reference voltage and V', denote the modified reference voltage after LAl injection. The
percentage authority is, therefore, defined as:

Vr/gf - Vref

%Authority = v
ref

x 100% 1)

The “Low-Authority” injection resistor Ry3 is calculated based on the maximum al-
lowed voltage deviation AV;,(,,)- If the internal voltage divider of the PWM controller
has an equivalent resistance R,;, and the SEA output swings from V};;;;, to Viax, the maxi-
mum percentage of voltage adjustment is:

e

%Authority ~ ——

x 100%, (22)
By setting Rq3 = 510 k) and Re; ~ 10k(), the authority is limited to ~1.9%. This

ensures that even a full-scale error on the sharing bus can only change the output voltage

by a maximum of 0.1 V (for a 5 V output), preventing hazardous over-voltage conditions.
3. Unidirectional Command Logic

A critical part of the strategy is the use of D; to enforce unidirectional control. The
control logic is shown in Table 1.

Table 1. Table of logic rule.

Rule SEA out EA+
VIout_local > VCSB VUB_uutl/ EA-i—J,
Viout_tocal < VcsB Vug_outT Blocks

This “sinking-only” logic implies that the sharing loop can only reduce the output
voltage of the modules that are over-performing. This prevents a “positive feedback”
scenario, where modules attempt to increase their voltage simultaneously to match the
highest performer, which could lead to an uncontrolled rise in the system bus voltage.

To quantitatively evaluate the current-sharing performance, the current-sharing error
is explicitly defined in this work. For an N-module parallel converter with a total output
current Ijy,4, the ideal equal-share current of each module is:

I
Let = 5 (23)

The relative current deviation of the i-th module is defined as:

I —1
e = M x 100% (24)

ref
and the current-sharing error of the parallel system is defined as the maximum individual

deviation:
| I i I ref |

) x 100% (25)
Iref

€cs = maxi—l,...,N(

This definition is used consistently for all current-sharing results reported in the
following experiments.
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4. Experimental Results
4.1. Prototype Setup and Experimental Conditions

To experimentally evaluate the proposed LAI current-sharing strategy, a three-module
parallel half-bridge DC-DC converter prototype was constructed. The experimental proto-
type and measurement platform are shown in Figure 5a, while the corresponding system-
level circuit diagram is provided in Figure 5b. Each converter module includes the half-
bridge power stage, transformer and rectification stage, current-sensing circuit, current-
sharing error amplifier, and LAI injection interface. The three modules are connected to a
common output bus and share a common analog current-sharing bus.

Experimental test system circuit diagram
A = v/ e | — H‘" e = . = = .
: 3 | 1 Ml | n :
8 S AT || N
YQ w T : : . ~ P2 S | - i
=

Experimental test setup

Figure 5. (a) Experimental prototype and test setup and (b) test system circuit diagram.

The experimental measurements were performed using an oscilloscope ZDS2024B
with current and differential-voltage probes, together with a programmable/electronic
load Chroma 6310A and DC power supply Chroma 62000P.

The main electrical and control parameters of the prototype are summarized in Table 2.

Table 2. Table of key parameters.

Parameter Symbol Value/Note
Input voltage Vic in 36V
Output voltage Ve out 5V
Nominal output current PR 40 A
Nominal switching frequency fownom 300 kHz
Measured switching frequency Sowmeas =285 kHz
Number of parallel units N 3
Maximum output current Tout_max 100 A
Parallel output power Pout max 500 W
Main power/Synchronous-rectifier
GaN HEMT - EPC 2302
PWM/ controller IC C42603RHC
Operational amplifier Uy /Up LM358

The converter operates with a 36 V input voltage and a 5 V output voltage. The
switching frequency is 300 kHz, and the maximum output current of the parallel system
reaches 100 A. Three converter modules are connected in parallel to evaluate the scalability
of the proposed architecture. During startup, the diode-based injection interface prevents

https://doi.org/10.3390/electronics15194371
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reverse current from the sharing bus into individual voltage controllers. Therefore, the
current-sharing loop remains isolated until the voltage regulation loops enter normal oper-
ating conditions. The proposed LAI structure avoids excessive interaction during startup.
Compared with conventional active current-sharing methods, the proposed prototype does
not require digital communication or additional control processors. The current-sharing
function is fully realized through the analog LAI control network.

4.2. Current-Sharing Accuracy Verification

The steady-state current-sharing performance was first evaluated under a 30 A
load condition.

Figure 6a depicts the input and output voltage test waveforms for the modules. The
single-module input voltage is 36 V, with Module 1 outputting 4.96 V and Modules 2
and 3 outputting 5.04 V. An offset inconsistency of 80 mV exists in the output voltages,
corresponding to approximately 1.6% of the nominal 5 V output voltage. Figure 6b shows
the measured gate-drive waveform of the power switches. The experimentally measured
switching frequency is approximately 285 kHz, which is distinguished from the nominal
design value of 300 kHz listed in Table 2.

- T v
Uy 2V/div
it 5.04V [ ‘ ]
‘
Your2 2V/div f_496v RAARDARE IO
famiatarmmn
“Vours 2V/div / = — L‘! — o —
: 2V/div
10
o 35 oo TSt B S e 20 ms/div 1 us/div
zicH zoovavB 200v/avE 200v/av B 2s0vza o8 2005| Shx ’ 2200008 100 7] K
Qe SR eovl svg v T B i : Closed = closed e 1 iz 140
(@) (b)

Figure 6. Experimental waveforms: (a) input and output voltages of the converter; (b) measured
gate-drive waveform with a switching frequency of approximately 285 kHz.

Before activating the proposed current-sharing circuit, the mismatch among converter
modules caused significant current imbalance due to intentional reference voltage deviation.
As shown in Figure 7a, the output currents of the three modules were significantly different,
where Module 2 delivered only 6.2 A while Module 3 supplied 14 A. This imbalance results
from the inherent tolerance of converter components and voltage reference circuits. Without
compensation, the module with slightly higher output voltage tends to carry excessive
current, which may accelerate thermal stress.

9.6 A
D — > 7. w— 10A

A Yout2 ] ™ lout2
ou e ~
10 / 6.2 A dl 2w Iout3 |

1 ms/div

Ters |

1 ms/div

x\ |

sooaav [l sooaav Bl closed
oA 1008

(a) (b)

Figure 7. Experimental test (a) without the current-sharing loop. (b) Applying the proposed current-

sooaav [l sooaavEl  closed
100Af 1008

sharing network.
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After enabling the proposed LAI current-sharing controller, the output currents con-
verged rapidly, as shown in Figure 7b.

After enabling the proposed LAI current-sharing controller, the measured module
currents were approximately 9.6 A, 10.0 A, and 10.6 A. For a total load current of 30 A,
the ideal equal-share current is 10 A per module. According to the definition above,
the corresponding current deviations are 4.0%, 0%, and 6.0%, respectively, resulting in a
maximum current-sharing error of approximately 6.0%. Compared with the severe current
imbalance observed before the current-sharing loop was enabled, the proposed LAl strategy
significantly improves the current distribution among the three modules.

4.3. Dynamic Current Redistribution Performance

To further evaluate the transient performance, different load conditions were applied
to the parallel converter system. The output current was increased from 30 A to 90 A,
corresponding to different system loading conditions.

Figure 8 demonstrates the current sharing performance of the three submodules when
delivering outputs of 30 A, 50 A, 70 A, and 90 A, respectively. It can be observed that at a
total output current of 90 A, the ideal equal-share current is 30 A per module. The measured
module currents were approximately 28.56 A, 29.68 A, and 31.92 A, corresponding to indi-
vidual current deviations of approximately 4.8%, 1.1%, and 6.4%, respectively. Therefore,
the maximum current-sharing error under this operating condition is approximately 6.4%.
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Figure 8. Different load currents: (a) 30 A; (b) 50 A; (c) 70 A; (d) 90 A.

The transient response was further evaluated using load-step tests. A load transition
between 30 A and 90 A was applied, as shown in Figure 9.

Figure 9 presents the load-step responses when the total output current is varied
between approximately 30 and 90 A. This corresponds to a change in the ideal equal-share
current from approximately 10 to 30 A per module. During both the load increase and load
decrease, the three branch currents move toward their new steady-state operating points
without sustained oscillation.

Small differences in the transient trajectories of the three modules can be observed.
These differences are attributed to practical mismatches in current-sensing gain and offset,
semiconductor and passive-component tolerances, local voltage-loop characteristics, and
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PCB parasitic parameters. In addition, because the LAI current-sharing loop is intentionally
designed with a lower bandwidth than the primary voltage-regulation loop, the initial
transient response is mainly governed by the local voltage controllers, followed by current
redistribution through the sharing loop.

T - T+ -

Zoeal  wDey SO0 Wioer Zoons
T4 T4

10A/div
10A/div

500 ms/div

PPU(C
EEEY 4 0008 %008 240008

me s

VB 100aavE 100aevH  closed

T 4 7o %
Edpe M

() B (b)

Figure 9. Load step test: (a) step rise; (b) step fall.

4.4. Fault-Tolerant Capability and Thermal Performance

A key objective of the proposed LAI architecture is to improve robustness under
current-sharing bus failures. To verify this feature, an intentional short circuit was applied
to the current-sharing bus. In conventional high-authority ACS systems, a sharing-bus
fault may generate a large correction signal and directly disturb the voltage regulation loop,
potentially resulting in abnormal output voltage.

In the proposed architecture, the high-impedance injection resistor limits the maximum
correction voltage generated by the sharing loop.

Figure 10 shows the response to an intentional short circuit of the current-sharing
bus. During the bus-fault interval, the current-sharing information is disturbed, and the
instantaneous current-sharing accuracy deteriorates. Nevertheless, the measured branch
currents remain bounded, and the converter continues operating without a sustained
unstable current response. After removal of the fault, normal current-sharing operation
is recovered.

T

|
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Figure 10. Current-sharing fault robustness testing.

This result confirms that the proposed LAI mechanism provides inherent fault isolation
capability without requiring additional protection circuits.

Because current imbalance directly influences power loss distribution, thermal perfor-
mance is an important factor for parallel converter reliability. The thermal images of the
three converter modules under full-load operation are shown in Figure 11.

As shown in Figure 11, the thermal distribution is noticeably improved after apply-
ing the proposed LAI current-sharing strategy. Under the reported full-load operating
condition, the temperature at the representative monitored location on the central con-
verter module was approximately 57.1 °C without the current-sharing loop, as shown in
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Figure 11a. After enabling the proposed current-sharing network, the temperature at the
corresponding location decreased to approximately 45.5 °C, corresponding to a reduction
of approximately 11.6 °C. The infrared-camera emissivity and background-temperature
settings were 0.95 and approximately 22 °C, respectively, for both measurements.

Auto

224

@55 03/03/26 03:45:52PM E:0.95 BG:22C T:100%

(2) (b)

Figure 11. Thermal images of the parallel modules under full-load condition: (a) without the
current-sharing loop; (b) with the proposed current-sharing network enabled.

Without current sharing, unequal branch currents result in uneven conduction and
switching losses, causing greater thermal stress in the more heavily loaded module. After
the LAI current-sharing loop is enabled, the module currents are redistributed, thereby
reducing the concentration of power loss and producing a more balanced thermal distribu-
tion. It should be noted that the infrared measurements represent surface temperatures
rather than semiconductor junction temperatures; therefore, Figure 11 is used as a com-
parative evaluation of thermal-stress redistribution rather than as an absolute junction-
temperature measurement.

5. Discussion

The experimental results demonstrate that the proposed LAI architecture can reduce
the current imbalance of the three-module prototype while limiting the direct authority
of the auxiliary sharing controller over the primary voltage-reference node. The main
distinction of the proposed method is, therefore, not an attempt to maximize current-
sharing-loop gain but the intentional limitation and direction-dependent shaping of the
interaction between the sharing loop and the primary voltage loop. The piecewise analysis
also clarifies that the complete LAI interface cannot be represented by Ri3 alone. When D4
is blocked, Ry3 provides a weak high-impedance coupling path. When D; conducts, the
D;-Rj, branch modifies both the effective injection gain and the reference-node equilibrium.
Accordingly, the approximately 1.9% value obtained from Ry3 = 510 k() and Req &~ 10 k()
should be interpreted as the diode-off small-signal injection factor rather than as a global
nonlinear authority limit.

From a system perspective, the modal analysis shows that an ideal average-current-
sharing controller responds to differential current components but not to a pure common-
mode current variation. The common mode remains primarily governed by the con-
verter voltage loops and common output-bus impedance, whereas the LAI current-sharing
controller introduces feedback into the N-1 differential modes. This interpretation is
more appropriate for scalability analysis than treating (N-1)/N as a universal scalar loop-
gain multiplier.

Table 3 summarizes the principal characteristics of representative current-sharing
approaches. The comparison is based on their control architectures and the literature rather
than on identical-hardware experiments. A complete experimental benchmark would
require implementation and retuning of several alternative controllers on the same power
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stage. Such a comparison was not available within the present experimental campaign,
and, therefore, no claim is made that the proposed method has universally better efficiency,

transient settling time, or absolute sharing accuracy than all conventional techniques.

Table 3. Qualitative comparison of current-sharing strategies.

Method Sl.lared Main Characteristic I?I‘ll"ICIIZ.Oal Fault
Signal Limitation Dependency
Droop control Simple decentralized Accuracy-voltage— . .
[18,25,26] None sharing regulation trade-off No sharing-bus failure
Master-slave Master/ Accurate Dependence on mas- Master or link can
. commanded current L -,
[15,16,24] slave signal . ter/communication be critical
tracking
Conventional Stronger interaction .
. . : Sharing-bus error can
average-current  Analog average- High sharing-loop ~ with voltage reference
) . ) . propagate to local
sharing current bus authority possible depending on command
[19,27,28] implementation
Bounded /direction- Sharing acc1.1ra.cy Designed to restrict
Proposed Analog average- . depends on limited .
selective reference . propagation of abnormal
LAI current bus o authority and N
injection sharing signals

component tolerance

Several limitations of the present work should be emphasized. First, the experimental
comparison is limited to operation with and without the proposed sharing loop; identical-
hardware tests against droop, master—slave, and conventional high-authority average-
current-sharing controllers were not performed. Second, a dedicated efficiency comparison
was not recorded, and no efficiency-superiority claim is, therefore, made. Third, a con-
trolled simultaneous-startup experiment and a dedicated nonlinear saturation-recovery
test were not included in the present measurement campaign. Finally, the analytical modal
decomposition assumes nominally identical modules. Extension to heterogeneous con-
verters and experimental identification of the full multi-module impedance model will be
considered in future work.

6. Conclusions

This study proposes a fault-tolerant low-authority injection (LAI) current-sharing
strategy for parallel DC-DC converters. The proposed method limits the influence of the
current-sharing loop on the primary voltage-regulation loop through a high-impedance
resistor—diode injection interface, thereby improving fault robustness while maintaining
effective current redistribution. A three-module 36 V/5 V prototype was experimentally
evaluated. At a total output current of 30 A, the three module currents were 9.6, 10.0, and
10.6 A, corresponding to a maximum individual deviation of approximately 6.0% from
the ideal equal-share current. At 90 A, the measured module currents were 28.56, 29.68,
and 31.92 A, with a maximum individual deviation of approximately 6.4%. In addition,
the converter maintained stable operation during an intentional current-sharing-bus short-
circuit test. These results demonstrate that the proposed LAI architecture provides a simple
and hardware-oriented solution that balances current-sharing capability and fault tolerance
for parallel DC-DC converter systems.

Author Contributions: Conceptualization, B.Z. (Baoping Zhang) and D.B.; methodology, X.L. and
C.X.; software, X.L. and C.X.; formal analysis, B.Z. (Bin Zhao); investigation, B.Z. (Bin Zhao); writing—
original draft preparation, B.Z. ( Baoping Zhang) and D.B. All authors have read and agreed to the
published version of the manuscript.

https://doi.org/10.3390/ electronics15194371


https://doi.org/10.3390/electronics15194371

Electronics 2026, 15, 4371 16 of 17

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the data are part of an ongoing
study or due to technical.

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

Abbreviations

The following abbreviations are used in this manuscript:

CSB Current-sharing bus

EV Electric vehicle

PCB Printed circuit board

PoL Point of Load

ACS  Average Current Sharing

DCR DC Resistance

CSEA  current-sharing error amplifier
LAI Low-Authority Injection
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