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Compensation-Winding-Current-Based Constant On-Time
Control of Trans-Inductor Voltage Regulators (TLVRS)

Shuyu Zhang, Yicheng Zhu, Nathan Biesterfeld, and Robert C. N. Pilawa-Podgurski
Department of Electrical Engineering and Computer Sciences, University of California, Berkeley
Email: {shuyu-zhang, yczhu, biesterfeld, pilawa} @berkeley.edu

Abstract—This paper proposes a compensation-winding-
current (ir.)-based constant on-time (COT) control strategy for
trans-inductor voltage regulators (TLVRs) used in data center
applications. Compared with conventional current-mode COT
control of TLVRs, which requires high-bandwidth current sens-
ing for each phase, the proposed approach achieves equivalent
transient performance by sensing only i, _, thereby significantly
reducing the system complexity. The high-pass filter nature of
ir.-based current sensing and the corresponding preservation
of the high-frequency current ripple needed for COT control
is derived analytically and verified through circuit simulation.
The proposed control strategy is experimentally validated on
a six-phase, 500 kHz, 12 V-to-1 V, 240 A TLVR prototype,
demonstrating robust load regulation under a 6A /ns load step
generated by a custom on-board GaN-based load stepper.

I. INTRODUCTION

The rapid growth of artificial intelligence requires increas-
ingly power-hungry processors (e.g. CPUs and GPUs). As the
power rating of the high-performance processors continues
to increase, power converters must not only deliver excellent
steady-state performance but also meet demanding transient re-
sponse requirements [1], including high di/dt load steps (e.g.,
higher than 1 A/ns) with minimal output voltage overshoots
and undershoots [2].

Trans-inductor voltage regulators (TLVRs) [3] have been
an increasingly attractive solution for data center voltage
regulator modules (VRM) over the past few years [4]. Fig. 1
shows the schematic diagram of a single-secondary TLVR [5]
(four phases as an example). It consists of N complementary
switch pairs and an N-phase indirect-coupled inductor (ICL)
[6]. Fig. 2 shows the operation waveforms in the steady
state. Compared to conventional multiphase buck converters,
TLVRs provide different steady-state and transient equivalent
inductances, thereby improving transient performance while
maintaining the same inductor current ripple to keep high
efficiency [5], [7], [8]. Compared to their direct-coupled
inductor (DCL)-based counterparts, the unique advantages of
TLVRs include flexibility in PCB layout, simple magnetic core
design, improved scalability to different phase counts, and
easier control and adjustment of interphase coupling.

At present, most TLVR designs inherit the control scheme
of multiphase buck converters with some minor protection
and optimization for TLVRs [9]. The most prevalent control
scheme is current-mode constant on-time control (CMCOT)
[10]-[15]. CMCQOT relies on the high-frequency inductor
current ripple to close the current loop and ensure stability and
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Fig. 1: Schematic diagram of a single-secondary four-phase TLVR
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Fig. 2: Steady-state operation waveforms of the single-secondary four-phase
TLVR
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Fig. 3: Comparison between conventional and proposed control strategies for TLVRs. (a) Conventional COT using summed inductor current (b) Proposed

ir,.-based COT control

dynamic response [16]. In a CMCOT-controlled multiphase
buck converter, typically the per-phase inductor currents are
sensed and sent to the controller. Within the controller, a
summing circuit adds up the currents of N phases to obtain
isum, Which is then fed into the current loop [17].

However, implementing high-frequency inductor current
sensing for VRMs, which requires high gain, high bandwidth,
and usually being differential, has been proven challenging
[12], [15]. The requirement for sensing is even more stringent
in TLVRs. Due to interphase coupling, each phase in a TLVR
carries a current ripple at a frequency of IV x fg,, where fsw
denotes the per-phase switching frequency. To maintain the
strength of dynamic response of TLVRs, these ripples must be
preserved in both the mixed-signal PCB routing and the sub-
sequent signal-processing circuitry. The additional bandwidth
required poses a challenge for maintaining noise immunity and
system reliability. With N rails of high-bandwidth sensing, the
board-level complexity of TLVRs is significantly increased.

To address these challenges, this work proposes a new
control scheme for TLVRs that requires the high-bandwidth
sensing of only the compensation winding current (¢1,_). This
is enabled by the fact that 7z contains the high-frequency
ripple of the summed inductor currents is,,—the key input
for the COT current loop. In addition, 77, has no DC bias at
steady state, which greatly simplifies the design of the current-
sensing circuitry and allows for higher flexibility in hardware
implementation. While prior works have been actively looking
at methods to sense the ¢z, [18], the possibility of using it

for dynamic response improvement has not yet been explored.
This paper, for the first time, demonstrates utilizing 7. for
COT control, with a successful hardware demonstration show-
ing robust voltage regulation and excellent dynamic response.

II. OPERATING PRINCIPLES OF THE PROPOSED ir,_-BASED
COT CONTROL FOR TLVRS

A. Operation of TLVRs and the i, dynamics

Fig. 3a shows the circuit schematic and control diagram
of the conventional CMCOT control for TLVRs. A summing
circuit adds up the sensed currents of all phases with a sensing
gain of R;. Then, the summed current signal ig,m R; iS com-
pared with a valley reference generated by a voltage regulation
compensator (G.(s)). Once ig,, falls below the valley, the
switching transition is triggered and allocated in sequence to
each phase by a phase manager. Then, the corresponding high-
side switch is turned on for a pulse width of T, [17].

We can derive the relationship between iy, and isym in
Fig. 1 as (1)

disum o Lc + N(Lk + Lm) diLc (1)

dt mL, dt

where m is the turns ratio of the transformer, which of-
ten equals to 1 for off-the-shelf indirect-coupled inductors.
We usually adopt high coupling coefficient inductors where
Ly =~ 0. For a single-secondary TLVR with m = 1, di;% ~

dir,
(N + Le/Lm) =
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Fig. 4: PLECS simulation of summed inductor current ésym, compensation
winding current ¢r,, per phase current i, _ ., magnetizing current ir, >
and output voltage. Vin, = 12V, Vout = 1V, ijpaq = 10 = 90A. Ry, =
5 m2, Rpp =1 mQ

The L. winding has no voltage excitation. Therefore, in
periodical steady state, < is an AC current, whose peak-to-
peak amplitude is proportional to that of the summed inductor
current ig,,. In Fig. 2, we can see this relationship between
Tsum and ip.

Whenever the 77, obtains an offset due to a sharp increase
or decrease of the phase currents, such as during a load-step
transient event, it naturally decays to zero. Under stringent
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Fig. 5: PLECS simulation of the high-pass filter nature of 77,  response to
isum- Lm = 150 nH, L. = 100 nH, six phase, sweeping Ry, from 0.1 m{2
to 20 mS2

output voltage regulation, the zero-input RL damping time
constant of i, is

_ NLy/m?+ L
c ™ RLC

where N is the phase count, R is the lumped resistance in
the compensation winding, including the winding resistance
and the PCB parasitic resistance. Fig. 4 shows the damping
characteristics.

In a well-designed high-current power converter system for
data center applications, the parasitic resistance is usually
optimized to be very low (e.g., a few m{2 per phase) to im-
prove efficiency. Therefore, the damping time constant 7, is
typically far longer than the response time of a typical current
control loop. Fig. 5 demonstrates that the transfer function
from an %, perturbation to an iz response is a high-pass
filter whose the roll-off frequency is determined by the loop
parasitic resistance. As the parasitic resistance Ry, increases
from 0.1 m€) to 20 m2, the roll-off frequency increases but
remains sufficiently below the operating frequency (/V times
of the switching frequency in an N-phase interleaved TLVR)
of the current control loop for i;_ to be used in CMCOT
control.

Fig. 4 presents the zoomed waveform of the summed
inductor current %syy, and ¢y, during a load step. During the
short timescale of load transients (on the order of us), the
change in ¢s,m is proportional to the change in 7y, enabling
precise prediction of iy, by sensing iy, .

@

TL

B. Proposed ir,_-based COT control

Section I has revealed that at the time scale of a load
transient response, Aiy_ contains all the ripple information
of the summed inductor current, which behaves as a high-
pass filter. Notably, a fast-transient current loop requires only
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Fig. 6: Key circuit waveforms of v¢, ir,,, PWM signals, per-phase current
i1, illustrating the operation principle of proposed control scheme

these high-frequency ripple components [19], [20], which is
what 77, inherently possesses.

Fig. 3 highlights the difference between the proposed con-
trol strategy and the conventional multiphase COT solution.
In Fig. 3b, the valley reference is compared to the sensed L.
current signal R; ¢y instead of the summed inductor current.
As is shown in Fig. 6, CMP is the comparator output, valley
reference is the sum of the compensator output v, and the
external ramp vyamp. Whenever the L. current falls below the
valley reference, the CMP pulse is sent to the controller, which
turns the corresponding complementary switch pair on for a
time of T,,. When there is a perturbation in v, as is shown
in the dash lines in Fig. 6, the off time changes and %y, as
well as all the phase currents, quickly respond to the change
in the valley. Although the ¢ current gradually damps after
many switching periods, it can be considered as “quasi-static”
during the state transition due to large time constant as in
Equation (2). Therefore, the voltage regulation loop adjusts v,
accordingly until the 77, decays back to zero.

C. Advantages of the proposed scheme

The key advantage of the proposed i, -based COT scheme
is that it replaces the /N per-phase high-bandwidth differential
current sensors with one ground-referenced high-bandwidth
differential current sensor for L., offering lower complexity
and increased flexibility in hardware implementation. High-
bandwidth differential current sensing requires high speed,
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Fig. 7: Hardware implementation diagram, including the i, sensing, the

ramp generation circuit, the compensator, etc.

high common-mode rejection ratio (CMRR) amplifiers, which
typically incurs significant cost. With i, -based COT control,
only per-phase DC current is required for current balancing
and over-current protection, which significantly reduces the
system cost and complexity. It is also worth noting that 7,
is an AC current with much smaller RMS value than the pe-
phase DC current, potentially reducing the sensing-induced
losses and improving the system efficiency. Another benefit is
that the proposed technique eliminates the need for additional
analog circuitry to add up the N phase currents for obtaining
isum, thereby further reducing the complexity of the controller.
Moreover, the proposed 7, -based CMCOT is applicable to all
TLVR-related topologies beyond multiphase buck converters.
In particular, the proposed control technique is applicable
to hybrid switched-capacitor converters with natural current-
balancing capability, which eliminates the need for DC current
sensing for active current balancing [12], [21].

III. HARDWARE IMPLEMENTATION AND EXPERIMENTAL
VALIDATION

A 12V-to-1V regulated, 240A, 6-phase TLVR prototype is
built to validate the proposed 4y, -based COT control strategy.
The nominal switching frequency is 500 kHz. Fig. 7 shows the
diagram of the control and sensing circuitry, and Fig. 8 shows
the experimental setup and the PCB top view. The dynamic
load is implemented with a 12-rail, 20A per unit GaN-based
load stepper with a slew rate of 6A/ns to emulate the high
dynamic load characteristics of CPUs and GPUs.
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Fig. 8: Photograph of the hardware prototype for control scheme validation.

TABLE I: Component List of the Hardware Prototype

Component Part Number

Parameters

DrMOS;_¢
TLVR inductors

Infineon TDA21590
Abracon ATL-1Z110611SR15LT

Inductor L.
Output capacitors Cout,

i1, sensing resistor
Load stepper resistor
Load stepper GaNFET

Coilcraft SLR7010-101KED
Murata GRM21BC80G107ME15L
TDK C1608X6S0G226MO0S0OAC
TDK C1005X6S0G475M050BC
Ohmite FC4L110R005FER
Ohmite FC4L64R0O5S0FER
Nextperia GANE3R9-150QBA

16 V,90 A

Leeif = 150 nH, DCRyy; = 0.125 mQ,
DCRsec =0.37 mQ2

100 nH, DCR = 0.17 mQ

100 pF 4V X6S 0805* x 15

22 uF 4V X6S 0603* x 90

4.7 pF 4V X6S 0402* x 50

5 m$, 1%, 5W

50 mQ, 1%, 2W

150 V, 3.9 mQ

* The capacitance listed is nominal value before DC derating.

Table I shows the component selection of this prototype.
The power stage of this prototype uses DrMOS from Infineon.
It should be noted that the current sense output of the DrMOS
is used exclusively for probing and validating the current
waveforms and it is not used in ¢ -based CMCOT control.
As is described in Section II, only 7y, is fed into the control
loop.

The sensing circuitry for 47, can be implemented in multiple
ways, including sensing resistor [12], DCR sensing of L.,
SenseFET, etc [18]. When sensing resistors are used, the
additional loss is much lower than per phase current sensing
because 77, has a much lower RMS value due to its zero DC
bias. In this prototype, a sensing resistor is used for validating
the concept, but other lossless methods, such as DCR sensing,
are also feasible.

Fig. 9 shows the experimental waveform of the transient

dynamics of iy, which aligns well with the simulation wave-
forms in Fig. 4. The right-hand-side figure shows zoomed-
in waveforms during a load step-up transient, which clearly
shows that the 77, responses with the change of the compen-
sator output v., as described in Fig. 6.

Fig. 10 and Fig. 11 show the load step-up and step-down
transient responses of the proposed ¢y, -based control strategy.
The output current quickly responds to Ij,,q Within a few Ty,
cycles.

IV. CONCLUSIONS

This work presents a compensation-winding-current-based
constant on-time (ir.-based COT) control strategy for TLVRs,
with the intrinsic high-frequency AC ripple in i, as the high-
bandwidth feedback signal for the current control loop. The
high-pass filtering nature from g, to ¢, is derived and
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verified. Based on this finding, the proposed control archi-
tecture replaces N high-bandwidth per-phase current sensors
with one ground-referenced high-bandwidth ir. sensor. This
significantly simplifies the system complexity and eliminates
the need for inductor current summation. The concept is
broadly applicable to TLVR-related topologies, offering a path
toward high-performance, cost-effective VRM designs. A six-
phase, 12 V-to-1V, 240 A TLVR prototype was constructed to
validate the proposed control technique. Under 6 A /ns, 80 A
load steps generated by a custom GaN-based load stepper, the
converter achieves current response within a few 7, cycles
and maintains tight output-voltage regulation. The demon-
strated performance shows that the proposed method retains
the advantages of COT control—fast response and improved
stability—while relieving the sensing and routing bottlenecks
that can constrain VRM scalability.
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