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Abstract—Four power stages for voltage regulator module
(VRM) are adopted to provide high current driving capability
and low output ripple in cloud computing. Thus, the time-shift
current balance (TSCB) technique is proposed to achieve high per-
formance power supply for servers. In addition, the power request,
which includes the number of active phases and voltage identi-
fication, is acknowledged by servers for high driving capability
during high throughput and high efficiency during standby mode.
Furthermore, to equally distribute the current in each phase, the
proposed TSCB technique in either voltage-mode or peak current-
mode control improves the current balance performance and solves
the stability problem. In the scale-down clouding computing pro-
totype, the efficiency can be kept higher than 90% over a wide load
current range of 2 A. In addition, the performance and operating
frequency of the servers in stable operation are not limited by the
VRM with the TSCB technique.

Index Terms—Cloud computing, ramp-amplitude adjustable
current balance technique, time-shift current balance (TSCB),
voltage identification (VID), voltage regulator module (VRM).

1. INTRODUCTION

LOUD computing allows for using remote servers to store
C and process data rather than a local machine. It reduces in-
formation technology (IT) expenditures, increases network flex-
ibility and streamlines communication infrastructure. Besides,
cloud computing servers permit end users to take advantage of
a large network of computers without having to maintain hard-
ware [1]-[3]. However, an effective power solution is needed
for delivering high power consumption and high performance
servers. The power request is decided by the voltage identifi-
cation (VID), which is a digital signal containing several bits
and generated by servers to adjust the reference voltage. Thus,
the switch-mode converters can scale the output voltage dy-
namically according to this adjustable reference voltage. Power
consumption of servers is able to decrease during idle periods
by lowering the supply voltage. On the other hand, computing
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Fig. 1. Simplified schematic diagram of the cloud computing power solution
by the proposed VRM.

performance can be improved if the supply voltage is scaled
up accordingly. To achieve the demands for servers, several
power stages in parallel can provide large current driving capa-
bility. Using interleaving operation can improve load transient
response and reduce output ripple without increasing switch-
ing loss because the switching frequency is equivalently in-
creased [4]-[6]. Moreover, the number of active power stages is
decided by the cloud computing system for high efficiency and
better thermal management.

Fig. 1 illustrates simplified schematic diagram of the cloud
computing power solution using the proposed voltage regulator
module (VRM). Four power stages are adopted with an inter-
leaving operation. The currents provided by four phases are col-
lected on the power line, Vo, and sent to the cloud computing
servers. The four phases are manipulated by the proposed con-
troller. Additionally, the power request including active-phase
number and VID find the tradeoff between performance and
efficiency. Nevertheless, even though the duty cycles, D;—Dy,
are exactly the same, equal current distribution in each phase is
unable to be confirmed if mismatches exist among the phases.
Therefore, the current balance mechanism is necessary to ensure
high efficiency and thermal management.

Fig. 2(a) shows current distribution of four phases without
adopting any current balance mechanism. As load current in-
creases, current unbalance circumstance becomes more serious.
Especially at heavy load, the current of each channel is unequal
extremely and thus deteriorates the total efficiency. Taking I1,;
as an example, the duty cycle, D, is required to decrease and
thus suppress Ir; (current in channel 1) since I7; is much
larger than I 9114 (currents of the other phases). Dy—D, are
also modulated according to the difference between I7o—1I14
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Fig. 2. Current distribution and ramp signal waveforms (a) without adopting
current balance function and (b) with adopting conventional RACB technique.

and the average current, I,,,. By employing current balance
technique to properly adjust duty cycles, I71—I7 4, are balanced
to approach to I, as shown in Fig. 2(b).

The simplest current balance mechanism is the droop method
which does not require any communication between the parallel
modules [7]. It relies on the output resistance of the parallel mod-
ules to maintain a relatively equal current distribution among
the modules. However, the tradeoff must be made between load
regulation and output voltage set point. For high performance
cloud computing VRM, the passive current balance is not ad-
equate. On the other hand, there are several current balance
mechanisms with closed-loop control to conquer the drawbacks
of poor regulation [8]. Current unbalance levels are estimated
in each phase to adjust the error signal for duty cycle adjust-
ment accordingly. However, it results in complicated current
balance control, which integrates the output voltage dependent
information and the channel current dependent information. In
some of the applications, feedforward technique is widely used
to include line voltage information by adjusting the amplitude
of ramp signal [9]-[13]. Generally speaking, duty cycle can
be easily adjusted by the ramp-amplitude adjustable (RACB)
technique, which is similar to the techniques used in feedfor-
ward control. Combining the channel current control with ramp
signal adjustment of each phase is a better choice for silicon
implementation owing to the simple architecture [14], [15].

Fig. 3(a) illustrates the block diagram of conventional
ramp-amplitude adjustable current balance (RACB) technique
which combines the channel current control and ramp signals,
VRamp1—VRampa- Ideally, VR amp1—VRampa are identical but in-
terleaving. Comparing VRampi—VRamps With the error signal,
Ve, four interleaving duty cycles, D—D,, all of which have
the same on-time, are generated to control four power stages. If
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Fig. 3. Conventional RACB technique. (a) Block diagram. (b) Waveforms of
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Fig. 4. Architecture of the proposed cloud computing VRM with the TSCB
technique in both voltage- and current-mode controls.

perfectly matching is assumed, the current to servers is equally
provided by four phases. Nevertheless, inevitable mismatches
existing in four power stages and printed circuit board result
in the four channel currents unequal. Thus, unbalanced induc-
tor current of each phase is sensed by the current sensor and
sent to the RACB control circuit to adjust the amplitude of
VRamp1—VRampa accordingly. In other words, by slightly adjust-
ing the amplitude of VRamp1—VRampa, D1—Dy can be adjusted
individually to compensate the unbalanced current. The wave-
forms of D;—D, are illustrated in Fig. 3(b), gray lines represent
the original duty cycle without any adjustment. With current
balance function, D;—D, are modulated to balance the driving
capability fairly according to I71—1I4.

Even though current balance function is able to be achieved
by the RACB technique, system stability still cannot be as-
sured. Since the modulation gain is inversely proportional to
the slope of ramp signal [16], the loop gain varies with dif-
ferent current unbalance circumstances. Lower loop gain can
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Fig. 5. Block diagram of the proposed TSCB technique.

increase the stability but sacrifice current balance performance.
Moreover, applying ramp amplitude current balance technique
to peak current-mode controlled VRM is a challenge. The ad-
justed ramp signals achieve current balance function and slope
compensation concurrently. If the amplitude of ramp is largely
decreased for current balance, the subharmonic phenomenon
may occur owing to insufficient slope compensation [17]. Al-
though the system stability can be ensured by overcompensation,
system bandwidth, and transient response are decreased [18].

The proposed time-shift current balance (TSCB) technique
for cloud computing VRM processes large current driving ca-
pability. Equal distribution between channels is accomplished
and the stability of TSCB technique is ensured. The organization
of this paper is as follows. Section II describes cloud comput-
ing VRM with the proposed TSCB technique. Equivalent model
and stability analysis are derived in Section III. Circuit imple-
mentation of the TSCB technique is illustrated in Section IV.
Measured results demonstrate the performance of the TSCB
technique for cloud computing VRM as shown in Section V.
Finally, conclusions are made in Section VI.

II. CLouDb COMPUTING VRM WITH TSCB TECHNIQUE

Fig. 4 illustrates the architecture of the proposed cloud com-
puting VRM with the TSCB. Four phases are adopted to provide
large current to servers for accomplishing high current driving
capability and low output ripple. Two feedback loops, voltage
and current feedback loops, are controlled simultaneously to
provide high performance power supply for servers in cloud
computing. The voltage on the power line, VoyT, which is
provided to the servers, is controlled by the voltage feedback
loop. Vour 1is fed into the error amplifier, EA, and compare
with the reference voltage, Vygr, to generate the error signal,
Ve. The duty cycles, Dy—D,, which control the four power
stages, PS1—PS,, are modulated by comparing V> with four
interleaving ramps, VRamp1—VRamp4, in voltage-mode control
(four interleaving summing signals, Vsunmi1—Vsuwma4, in current-
mode control). On the other hand, the TSCB technique, which
dominates the current feedback loop, diminishes the current
unbalance among the four channels.
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The system in Fig. 4 can be operated in either voltage-mode
or current-mode control for different applications. Vguyri can
be expressed as

Vsumn = VRampn + I, - R where n = 14 (1)

where Ig,, is the sensed inductor current by the current sens-
ing circuit and the resistor R represents conversion ratio of the
I-to-V function in the summing circuit. In voltage-mode opera-
tion, the second term (Ig,, R) is not included in Vsun, - That is,
Vsumn isequal to VR amypy - In the following description, VR ampn
is used to represent Vg, in voltage-mode control for better
understanding. On the other hand, Vg ampn Works as slope com-
pensation to avoid subharmornic oscillation. The second term
(Isn R) is necessary for current-mode control.

For high performance and power saving, power requests are
acknowledged by servers. When servers are executing massive
calculation, large power demand is transmitted by phase num-
ber signal to activate all the phases. For high efficiency opera-
tion, active phase number is determined according to different
load condition. Furthermore, the VID code generated by servers
also can adjust the voltage reference by the digital-to-analog
converter. Dynamically scaling the output voltage can reduce
power consumption of servers during idle periods by lowering
the supply voltage.

The block diagram of the TSCB technique is illustrated in
Fig. 5. Inductor current of each phase is sensed by individual
current sensors to generate [g;—Ig4. Since [g;—Ig4 fluctuate
with inductor current ripples, a sample and hold circuit is re-
quired to obtain fixed values, Viog1—Vegy, during each switch-
ing cycle. After dividing the summation of Vg1, Vege, Vess,
and Vg4 by four, the average inductor current value, Vg ave,
can be obtained. To effectively suppress unbalanced level, the
difference voltages between Vos1—Veoss and Vig ayve are am-
plified by operational amplifiers with the gain of App(s) to
generate Vop1—Veop4. Next, push—pull time-shift unit of which
transconductance is Gy _; is used to generate current bal-
ance ac control currents, %CB 1—%CB4- According to %CBl—%CM,
shifted clock signals, C' K —C K44, are generated by slightly
shifting original clock signals, C' K;—C K. Finally, the ampli-
tudes of ViRamp1—VRampa in voltage-mode (Vsyni—Vsuma in
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Fig. 6. Operation waveforms of the TSCB technique in voltage-mode con-
trolled VRM.

current-mode) are modulated to achieve current balance func-
tion. The gain of current unbalance amplification is ACB(S) as
shown in the following equation:

Acg(s) = Aop(s) - Gy 1. 2

To conquer the drawbacks of conventional RACB, the opera-

tion waveforms of the TSCB technique is depicted in Fig. 6.
Instead of adjusting the amplitude, ramp signals are shifted at
the time domain according to different current unbalance lev-
els. In Fig. 6, the ramp with dotted gray dashed line represents
the original ramp signal without adopting any current balance
mechanism. If one of the four channel currents, Ir,,, where n =
1-4, is larger than the average current, I,,,, the duty cycle has
to be decreased to suppress the current of channel n. Thus, the
ramp signal with index 7, VRampn» is adjusted by the advance
of time shift based on the original ramp signal, i.e., the begin-
ning time of the ramp signal is shifted in advance during one
switching cycle. The beginning time is indicated by the shifted
clock signal, C K, , which is compressed by the original clock
signal, C'K,,, according to current unbalance level. Contrarily,
if one of the four channel currents, I,,, where n = 1-4, is smaller
than 7, the duty cycle of the phase has to be increased to en-
large the channel current. Therefore, VR ampn 1s adjusted by the
postponement of time shift based on the original ramp signal,
i.e., the beginning time of the ramp is shifted by a delay during
one switching cycle. According to current unbalance level, the
beginning time is indicated by C' K5, , which is extended by the
original clock signal, CK,,. Obviously, the slope of Vi ampn, is
kept constant in different current unbalance level.

The stability comparison of the RACB and the proposed
TSCB techniques in voltage-mode controlled VRM, which con-
tain two cases, is illustrated in Fig. 7. According to VID codes,
low output voltage, which has lower Vi~ and smaller D,,, is re-
quired for power saving while high output voltage, which has
higher V¢ and larger D,,, is required for massive calculations.
Assuming that one of the four channel currents, I7,,,, where n =
1-4, is larger than the average current, the duty cycle, D,,, has
to be decreased to ensure current balance. Conventional RACB
technique increases the ramp amplitude to decrease D,,. Thus,
the slope of the ramp is increased simultaneously. On the other
hand, the TSCB balance technique shifts the ramp in advance
without altering the slope.

When the output voltage is lowered to save power, the error
signal, V-, is located at a lower level (red line) to generate a
reduced duty cycle. To solve current unbalance problem, the de-
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trolled VRM.

creased duty cycles in red regions are the same either by RACB
or TSCB technique. Thus, both current balance techniques can
achieve the same current balance performance. When the out-
put voltage is higher for high-speed operation, the error signal,
Ve, is located at a higher level (blue line) to generate a larger
duty cycle. In this case, the adjusted duty cycle by the RACB
technique is much larger than that of the TSCB technique. In
summary, with the same amplitude adjustment, duty cycle vari-
ations are different with different Voy1 and Vi in the RACB.
On the other hand, with the same shifted time, duty cycle varia-
tions remain the same under all conditions. It is concluded that
current balance gain varies with different duty cycle and output
voltage in the RACB, while current balance gain remains the
same in the TSCB. This phenomenon induces stability problem
in the RACB since the system may be unstable (with insuf-
ficient phase margin) due to a large duty cycle. To increase
system stability, the current balance gain has to be designed low
to ensure stability during all output voltage conditions in the
RACB. However, low current balance gain deteriorates current
balance performance. On the other hand, the proposed TSCB
technique conquers the stability problem and makes the mod-
ulation gain independent of duty cycle, Vour, Ve and current
unbalance situation. Therefore, high current loop gain can be
adopted to guarantee high current balance performance without
being limited by the stability issue.

The implementation of the TSCB technique in the peak
current-mode control is illustrated in Fig. 8. Similar to voltage-
mode controlled VRM, Vo pn , is shifted from the original ramp
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signal and the beginning time is defined by the shifted clock
signal, C'Kig,, according to the current unbalance situation.
Besides, adding Viamp, to the current sense signal, Ig,, which
indicates the current flows through the channel n, forms the
summation signal, Vgyn, . Comparing Vsuar, and Vi, the de-
termined D,, can regulate Vouyt with a good current balance.
Certainly, the slope of V;,.,,,, remains constant at all conditions.
Different from voltage-mode controlled VRM, whose modula-
tion gain depends on the slope of ramp signal, the slope of ramp
signal is necessary for slope compensation. To avoid subhar-
monic oscillation, the criterion is shown as follows [16]:

Vour

Mg > where m,, is the slope of ramp signals.  (3)

Comparison of the RACB and the proposed TSCB techniques
in current-mode controlled VRM is illustrated in Fig. 9. If one of
the four channel currents, I1,,, where n = 1-4, is larger than the
average current, the RACB technique increases the ramp ampli-
tude. Thus, the slope of the ramp is increased simultaneously.
Increasing slope results in over compensation and slows down
transient response of the VRM [17]. To avoid over compensa-
tion, a small slope of original ramp is adopted to enhance system
bandwidth and transient response. However, subharmonic oscil-
lation will occur and result in large output ripple. On the other
hand, applying the TSCB to peak current-mode control is fea-
sible since the slope compensation mechanism is not affected
by the TSCB. That is, oscillation caused by subharmonic can
be avoided. Restriction in system bandwidth and transient re-
sponse can be eliminated and an optimal slope compensation is
simultaneously achieved.

Moreover, mismatches among current sensors and input-
referred offset of operational amplifiers deteriorate the accu-
racy of current balance. More seriously, these effects cannot be
calibrated by current balance loop. Unlike the aforementioned
mismatches in power stages, which can be detected by cur-
rent balance loop, mismatches in current balance circuit can be
view as intrinsic offsets induced in current balance procedure.
Even though this offset is much smaller than the sensed unbal-
anced signals, the offset is amplified by operational amplifier
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Modified block diagram of the proposed TSCB with the time-sharing

which are adopts for the purpose of current balance accuracy
enhancement. To further enhance current balance performance,
time-sharing technique is embodied in the TSCB to decrease
inevitable mismatches in current balance function.

Modified block diagram of the proposed TSCB with time-
sharing technique is shown in Fig. 10. Even though four phases
provide energy to output simultaneously, only two sets of cur-
rent balance circuits, which contain current sensor, operational
amplifier and push—pull time-shift unit are adopted. To achieve
current balance in four-phase operation, two of the inductor cur-
rent information pieces are sent to time-sharing current balance
circuit alternatively in different time slots,  1-®4. Two selected
phases j and & sense the inductor current, I7;(s) and I1;(s),
where j or k = 1, 2, 3, or 4, and j # k through the use of
current sensors to obtain Vs, (s) and Vegy (), respectively. To
achieve current balance function, current difference information
of four phases is obtained by i¢ 1 (s)—icm (s). Since I1,1-I14
are sensed and amplified by both two sets of current sensors and
operational amplifiers in different time slots, i 31 (s)—%c B4(8)
are generated regardless of the offset in current balance cir-
cuits. Therefore, the mismatches between current balance cir-
cuits can be eliminated to enhance current balance performance.
Moreover, two current sensing circuits, operational amplifiers
and compensation capacitors are eliminated to decrease chip
area and cost with a simple multiplexer and sample-and-hold
circuits.

III. STABILITY ANALYSIS

A. Basic Equivalent Model of the Voltage-Mode Controlled
Four-Phase VRM

Basic equivalent model of the proposed voltage-mode con-
trolled four-phase VRM is shown in Fig. 11. Four power stages,
PS,-PS, in Fig. 4, are controlled by duty cycle of each phase.
When each channel current is perfectly matched, the duty cycle
in frequency domain can be expressed as follows:

d;(s) = D;(s) where i = 1-4 (4)

where D;(s) is independent of load current and current unbal-
anced level since it is simply determined by the chosen input
and output voltages as shown in the following equation:

D(s) = Di(s) = Da(s) = Dy(s) = Dals) = 222 )

@)
Vin (5) )
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D1 (s)-Dy(s) are with the same value, D(s), which is used in
the following formula derivations. The duty-to-output transfer
function, contributed by the power stage, can be expressed as

Vour(s) 1
GV = — = V B S ————
als) d;(s) i () 1+ s% + s2LC
where =14 (6)

where L and C are the filter inductance and capacitance, re-
spectively, of each phase, and R, is equivalent load resistance
of cloud computing servers.

The output voltage, Vour(s), collects energy from four
power stages. The difference voltage, V. (s), between Vour (s)
and Vypr is amplified by the error amplifier, EA, with the gain
of Aga to generate the error signal, Vi (s). The error amplifier
with the compensation network is represented by G¢ (s). The
modulator transfer function, F);, compares V¢ (s) with ramp
signals, VRamp1—VRampa, to modulate d; (s)—d4(s) for regulat-
ing the output voltage according to different Vygr controlled
by VID. The transfer function of the modulator is shown as

1
Fy = o where Vj is the amplitude of VR amp1—VRamp4-
M

(N
To compensate the complex poles contributed by L and C, the
proportional-integral-differential (PID) compensation network
in (8) is required to increase the stability of voltage loop by
inserting three poles and two zeros

| Apa (1+52) (14 23)
Gl = s(422) (14 25)

Two zeros, wZ1 and wZ2, can cancel the effect of LC complex
poles. The dominant pole locates at the origin. Tow parasitic
poles are placed above unit-gain frequency to alleviate high-
frequency noise. Thus, PID compensation helps extend the sys-
tem bandwidth and obtain an adequate system phase margin.

®)

B. Model of the TSCB Technique

In the current balance control loop, inductor current of four
phases are sensed in Fig. 10 by current sense circuit and sample-
and-hold to generate current sense signals. The sensing factor
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of current sense circuit is R;. According to [19], the sampling
effect introduces a pair of complex right-half-plane (RHP) zeros
at half the switching frequency and as expressed in (9), which
is required to be considered in frequency response design

82 S

He(s)zw—?+w 0

2
+ 1 where ,, = —— and w,, =
T

S =

©)
To achieve current balance function, the TSCB technique adjusts
duty cycle from Dy (s)—-D4(s) to d; (s)—dy(s) by the adjustment
of dy (s)—dy (s), respectively, as shown in the following equation:

d;(s) = D;(s) — d;(s) where i = 14 (10)

D;(s) is the duty cycle generated by voltage loop while d; (s) is
the duty cycle adjustment caused by the TSCB technique.

To derive the TSCB model, d;(s) has to be obtained first.
The duty cycle adjustment is implemented by the CLK shifter
in Fig. 10 which shifts the original clock signals C'K; to C' Ky;
where ¢ = 1-4. As depicted in Fig. 6, it can be observed that
the shifted time of the clock signal is equal to d; (s) where i =
1-4. Therefore, d;(s) can be simply obtained by calculating
the shifted time of clock signals. Fig. 12(a) illustrates opera-
tion waveforms of clock shifter and duty cycle adjusted by the
TSCB technique. By changing the charge current of the time-
shift capacitor, Cis; where @ = 1-4, in the CLK shifter, C' K; is
modulated. The negative edge of the C'K; is generated when
the voltage across Clg;, Visi, reaches the reference voltage, Vp.
With the shifted negative edge of the C' K, d; (s) can be ob-
tained.

Without current mismatches, a predefined constant current
I charges the Cig; and thus the charging time 7" is expressed
as
M where 1 = 1,2, 3, or 4.

I
Here, Cis1 = Cisa = Cls3 = Cligy = Cls. Cis is the designed
capacitance for charging and discharging in the TSCB
technique.

With current mismatches, the TSCB technique superimposes
a current balance control current, %C/Bi(s), on Ip. The current
balance control current, QCBi (s), which indicates current unbal-
ance level in each phase, is generated to achieve current balance
function. Therefore, the rising slope of Vi; is increased to shift
the negative edge of C' Ky by d; (s) in advance. According to

different current unbalance level, i¢p; (s)and d; (8) can be either

T= (11)
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positive or negative values. Finally, (12) can be derived as

) Vi - Cis
T —d;(s) = # where ¢ = 1,2,3, or4. (12)
Ip +icBi(s)
By substituting (11) into (12), (13) can be derived
5oy Ve Cig vioBi(s) . Vi - Cis -icni(s)
d;(S) - % = 5}
(Ip +icBi(s)) - Ip Ig
where =1, 2, 3, or4. (13)

Here, the control-current-to-duty transfer functionAof the
TSCB technique, C'Bis(s), is defined by the ratio of d;(s) to
icpi(s) and can be described as

(jv' : s
5 (5) = Vi QCt‘ where ¢ = 1, 2, 3, or 4.
icBi(s) I

(14

The control-current-to-duty transfer function indicates the abil-
ity of phase current adjustment when current unbalance phe-
nomenon happens. The duty cycle adjustment level can be eas-
ily designed by several parameters which include a constant
current, I3, a reference voltage, Vy, and the capacitance, Ci.
In addition, it can be observed that C'Bys(s) is independent of
output voltage, duty cycle, and inductor current. The stability
can be ensured in all conditions.

On the other hand, the model of conventional RACB method
is also derived for comparison. Fig. 12(b) illustrates operation
waveform of duty cycle adjustment by conventional RACB. In
the absence of the current balance function, the duty cycle is
obtained by comparing the error signal, Vi (s), with the original
ramp signal, Viampi, in a switching period, T's. The duty cycle
is shown as

CBtS(S)

Ve (8) T

Di(s) = v S wherei =1, 2, 3, ord.  (15)

Here, AVAyi, either a positive or a negative value, is generated
and compensates the current unbalance situation to adjust the
ramp amplitude as Vj; + AVyy; in RACB technique. Compar-
ing the adjusted ramp with V¢ (s), the duty cycle d;(s) can be
expressed by

di(s) = Ve(s) Ts

= —————— where 1 =1, 2, 3, or4.
Vir — AW

(16)

AVjp; can be derived as (17) because AVyy; is produced by
injecting the current balance control current, ¢cp;($), into the
ramp signal capacitor, Cl.am i, within T for each phase

AVygi = icpi(s) -

where 1 =1, 2, 3, or4 (17)

ramps

where T} is the switching period of the converter and Cyamp1 =
CrampZ = Cramp3 = Cramp4 = C'mmp- Cvmmp is the deSigned
capacitance for charging and discharging in RACB method.
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Fig. 13.  Complete equivalent model of proposed TSCB VRM with the time-
sharing technique and cross coupling effect.

Based on (15), (16), and (17), the duty cycle variation of the
RACB method is given by

5 AVaii  D(s)icni(s)T,
d;(s) =d;(s) — D;(s) =~ D(s =
( ) ( ) ( ) ( ) ‘/]\[ QVJ\[ Cramp
where i = 1, 2, 3, or 4 and D; (s) = Ds(s) = Ds(s)
= Dy(s) = D(s). (18)

Again, the control-current-to-duty transfer function of RACB,
CBga (), is defined by the ratio of d; (s) to i¢p;(s) and can be
described as

CBra(s) = 20 - DOIT i —1, 2 304
1CBi (S) V]W CVrahmp

19)
Except for predefined parameters, which include Vy, Cyam ) and
Ty, the duty cycle, which changes with different VID code, alters
control-current-to-duty transfer function of the RACB method.
In other words, C' B (s) is proportional to the duty cycle and
corresponds to the phenomenon described in Fig. 7. Compar-
ing C'Bis(s) in (14) and C'Bga () in (19), the proposed TSCB
technique conquers the unstable issue over a wide output volt-
age range. High current loop gain can be adopted to guarantee
high current balance performance without being limited by the
stability issue.

C. System Stability Analysis

Complete equivalent model of the proposed TSCB VRM with
time-sharing technique and cross coupling effect is shown in
Fig. 13. There contains voltage regulation control loop, current
balance control loop, and cross coupling loop. Voltage regula-
tion control loop regulates output voltage according to different
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VID code at different load currents, while current balance con-
trol loop eliminates current unbalance phenomena caused by
mismatches between different phases. In addition, cross cou-
pling effect, which is modeled by cross coupling loop, is re-
quired to be considered since the inductor current in one phase
is inevitably affected by the change in duty cycle of any other
phase [20]. In other words, the duty cycle modulation of one
phase may affect the current in the others through output node,
Vout. Moreover, the complete equivalent model in Fig. 13 is
greatly simplified from four-phase to two-phase operation by
time-sharing technique. Even though four phases provide en-
ergy to output simultaneously, only two selected channel cur-
rents, I, ;(s) and Ik (s), are sent into current balance loop in
one time slot. This time-sharing technique not only eliminates
the offset induced by current balance loop but also largely de-
creases the complexity in loop analysis.

The voltage regulation control loop can be expressed in (20)
regardless of phase number because the duty cycle of each phase
is the same, i.e., D;(s) = Dy (s) = D(s) in Fig. 13

TT (8) = GC(S).FJ[G“{(S) (20)

In current balance control loop, the duty-to-output-current trans-
fer function of each phase is calculated in (21) by passive com-
ponents

G; (S) = ILi(S) — 1+ sC (RL + Resr)
“ d’i (S) SQLCRI + SCL)OQU —+ RDCR —+ RL

where wy Qo = L + C [R(Rpcr + Resr)] + Rpcr Resr
and Ry = R + Res:

N (s)

2y

where R.g, and RpcRr are equivalent series resistance (ESR) of
output capacitor and direct current resistance (DCR) of inductor,
respectively.

In cross coupling loop, the cross coupling duty-to-current
transfer function, G§ (s), is calculated in (22) by passive com-
ponents

Ri(1+ sCRus)
cc = -V _—
1
s? LORl + SW(:(:QCC + RDCR + 2RL
where wee Qce = L+ C[Rp(Rper + 2Rest)] + Rpcr Res:

and Ry = R; + Res:- (22)

The cross coupling loop of the RACB and the TSCB techniques
can be expressed as

Tec,ts(s) = —Acp(s)CBis(s)Gig(s)Ri He ()
Teera(s) =—Acp(s)CBra(s)Giy(s)RiH.(s).

However, the analysis of current balance control loop is more
complex. It is noticed that a stable current balance control loop
will not influence the output voltage. The operation of cur-
rent balance loop is independent of load current. Instead, cur-
rent balance loop relies on the difference of inductor currents.
Therefore, VOUT (s) can be regarded as shorted to ground. The

(23)
(24)
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Fig. 14. Equivalent model of simplified current balance control loop with
time-sharing.

duty-to-current transfer function is simplified to
1
sL + Rpcr
With shorted output, cross coupling duty-to-current transfer
function is equal to zero as shown in (26). Both voltage loop
and cross coupling loop will not affect the operation in current

balance control loop. Therefore, the equivalent model of current
balance control is further simplified to Fig. 14

Gida(8)lyy yp—0 = Vin(s) (25)

55(8)|V('JKTT:O =0. (26)

The small signals in the two phases are the same in magnitude

and opposite in phase because the TSCB technique is based
on the average current balance control [8]. That is, 2(; Bj(s) =
_iCBk (8)7 dj (S) = —dk (S), and ILJ' (S) = _ILk (S) Conse-
quently, the two loops of the two phases become symmetric
and can be added together. Finally, current balance control loop
gain can be derived in (27) and (28) with the proposed TSCB
technique and conventional RACB technique, respectively

Tep1s(s) = 2Acn (s)CBys(8)Gia(s) R;H.(s)
(27)

R;H,(s).
(28)

|V()UT:0

Tep.ra(s) =2Acs(s)CBra (5)Gia(s)

|VOL'T:0

Fig. 15(a) shows the simulated Bode plot of the volt-
age regulation loop, T,(s), current balance control loop,
Teb,s(s), and cross-coupling loop, Tics(s), with Viy =
33 VL1 =Ly=Ly=L, =47 puF,C, =47 F, D=
0~37RDCR‘ =150 mQ7Rcsr =30 mQ,RL =18 Q,TS =
1.67 s (per phase). In voltage regulation loop, LC double poles
are located at 10.7 kHz. Since PID compensation inserts one
dominate pole and two zeros to cancel LC double poles, voltage
regulation loop is stable with the dc gain, phase margin and
bandwidth of 91.9 dB, 50° and 30 kHz, respectively. In current
balance loop, the pole generated in Gia(s)ly, ., is located
at 5.07 kHz, a pair of complex RHP zeros caused by sampling
effect are located near 600 kHz. To ensure the stability of cur-
rent balance loop, the dominant pole is formed by C¢; and C,
in Fig. 10 which is also the dominant pole of cross-coupling
loop. Thus, the dc gain, phase margin and bandwidth in current
balance loop are 39.2, 46° and 3.99 kHz, respectively. The dc
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Fig. 15. (a) Simulated Bode plot of voltage, current balance and cross-
coupling loops with the designed parameters. (b) Frequency response com-
parison of current balance and cross-coupling loop in the TSCB at different

duty cycle conditions. (¢) Frequency response comparison of current balance
and cross-coupling loop in the RACB at different duty cycle conditions.

gain, phase margin and bandwidth in cross-coupling loop are
26.8, 76° and 1.27 kHz, respectively.

To demonstrate high stability of the proposed TSCB tech-
nique, frequency response comparison of current balance and
cross-coupling loop in TSCB and RACB techniques are sim-
ulated in Fig. 15(b) and (c), respectively. When duty cycle is
0.3, the frequency response of TSCB and RACB are designed
to be the same, whose dc gain, phase margin and bandwidth in
current balance loop and cross-coupling loop are (39.2, 46° and
3.99kHz), (26.8,76° and 1.27 kHz), respectively. When duty cy-
cle alters with the VID function, T;; ;5 (s) and T ;s (s) remains
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the same. However, the dc gain of T, pa(s) and T,. ra(s)
is proportional to duty cycle which can be observed in (19).
Therefore, the phase margin of 7;; r4 (s) becomes 29°, which
is not enough. The transient response performance is deteri-
orated. More seriously, phase margin may be smaller than 0°
and the system is unstable if power, voltage, temperature (PVT)
variations are taken into consideration. Therefore, the proposed
TSCB technique can conquer this problem and ensure current
balance performance and stability over a wide output range. The
frequency responses are summarized in Table I.

In the design consideration of the three loops, voltage loop
must dominate the whole operation of multiphase system to
ensure voltage regulation. Therefore, the gain of voltage loop
is required to be higher than current balance loop and cross-
coupling loop. Ideally, the bandwidths of both loops are desired
to be as large as possible to accelerate transient response. How-
ever, the enlarged bandwidth of the current balance loop slows
down load transient response because of the lack of ability to
rapidly increase inductor current in any of four phases. For in-
stance, in the case of light-to-heavy load variation, one of the
phases must quickly prolong the on-time to cope with the lack of
energy, inevitably causing current unbalance as a consequence.
Simultaneously, the current balance loop starts to pull down the
unbalance inductor current. Owing to the enlarged bandwidth,
suppression of the energy provided to the output will be re-
duced by the fast current balance loop. More switching cycles
are needed to regulate the output voltage. In summary, loop
gains and bandwidths of the three loops have to be carefully
designed to meet the specifications.

IV. CIrRcUIT IMPLEMENTATION OF THE TSCB TECHNIQUE

Fig. 16 depicts the schematic of the TSCB technique with the
time-sharing technique. Current unbalance level in each chan-
nel must be estimated to shift the ramp signals accordingly
to balance the channel currents of the four phases. Inductor
current flowing through each channel is sensed by the current
sensor to generate the current sense signals, Viog; and Viogy.
To enhance current balance performance, operational amplifiers
with the function of offset cancellation, OP; and OP, are
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TABLE I
GAIN, PHASE MARGIN AND BANDWIDTH PERFORMANCE COMPARISON IN VOLTAGE, CURRENT, AND CROSS-COUPLING LOOPS WITH THE RACB AND THE TSCB
TECHNIQUES IN DIFFERENT DUTY CYCLE CONDITIONS

Finally, time-shifted ramp signals, VR amp1—VRamp4, are gener-

Vi E\"xl Vxz2 Vs |Vxa

§ . Voltage control loop | Current loop Cross-coupling loop
Current bal tech 3 7
el aTance Tean® | () (L s() / Teis()) | (Tecra(s) / Teeas(s))
] Gain (dB) 91.9 39.2 26.8
:ASE) 3 Phase margin (%) 51 46 76
: ) Bandwidth (kHz) 30 3.99 1.27
s Gain (dB) 91.9 39.2 26.8
:’;“BEIJ 3 Phase margin (°) 51 46 76
- i Bandwidth (kHz) 30 3.99 1.27
. Gain (dB) 91.9 47.7 35.3
?53) 8 Phase margin (°) 51 29 54
; ) Bandwidth (kHz) 30 7.41 1.94
. Gain (dB) 91.9 39.2 26.8
(TSBE'] 8 Phase margin (°) 51 46 76
@799 ' Bandwidth (kHz) 30 3.99 157
adopted to amplify Vs, and Vegy for generating Vo p; and v o— e e e L LN
V¢ i, respectively. The push—pull time-shift units, which are Mo ] ! :
constituted of voltage-to-current converter, subtract Vo p; and Vi Yo I :
Ve pr in current domain and generate current balance con- — Vyi_g [ ; iy ::
trol currents, icB1,%cB2, icBs and icpa. icB1,iCcB2, o3 and g <2 : h
1cB4, Which indicate current unbalance levels of each phase, can : 1 :
shift original clock signals, C' K1 —C K4, to generate time-shifted T‘”’D’“bé” | 1 i_!#: {{m
. . N q [\ ) (1)) 1
clock signals, C'K;41—C K44, by the CLK shifter, respectively. | @[ @) & | 4 : § 0
1
1
1

ated to accomplish the TSCB technique.

Since the small amount of input referred offset voltage of
OP, and OP, can be amplified to deteriorate current balance
performance, input referred offset cancellation technique is em-
bedded [21]. When C K, C K>, C K3, or C' K is high, the offset
cancellation procedure starts. Vinpj, Vinpk, Cog1, and Cogo are
connected to common-mode reference voltage, Vo and thus
negative feedback loops of OP; and OP, are formed. Ideally,
Vinpej and Vinpy are equal to Vo and the voltages across Cogq
and Cogo are zero. However, the input referred offset voltages
are stored on C\1 and Cgo once offset voltage is not equal to
zero. After the offset cancellation duration, O P, and O P, act as
normal operational amplifiers but subtracting the offset voltage
at the inputs of OP; and OP, by the offset voltage stored on
Coi1 and Cygo. Therefore, the current balance performance of
the TSCB can be ensured.

Even though the TSCB can detect current unbalance situ-
ation and average the channel currents, mismatches between
current balance circuits, which includes current sensors, oper-
ational amplifiers and push—pull time-shift units, will induce
irretrievable unbalance situation. Therefore, time-sharing tech-
nique is proposed to solve this problem. Time-sharing technique
divides time domain into four time slots, ®;, o, @3 and ®y4. In
®,, currents of phases 1 and 2 are sent in to the TSCB cir-
cuit to balance the currents of phases 1 and 2. Similarly, cur-
rents of phases 2 and 3, 3 and 4, or 4 and 1 are sent in to the
TSCB circuit in ®9, &3, and P4, respectively. Finally, current
in each phase approaches to the average inductor current with
the advantage of mismatch elimination between current balance
circuits.

Vik évxx Vs | Vs [V

Fig. 17.  Circuit implementation of current sensor.

Fig. 17 shows circuit implementation of current sensor which
contains current sense circuit and sample-and-hold circuit. The
power transistors, Mpi—Mp,, in Fig. 4 conduct the inductor
current during its turn-on periods. The common-gate amplifier,
which is composed of M,—Mg, can ensure near source-to-drain
voltages between the Mp1, Mpo, Mps, or Mp, and the sensing
MOSFET, Ms; or Mgy. Thus, the sensing currents Ig; and Iy as
replicas of the inductor current depend on the aspect ratio be-
tween Mpy, Mpy, Mps or Mpy and Ms; or Mgy, respectively.
I;; and I flow through sensing resistors, Rg; and Rgy, respec-
tively, to carry out the current sensing signals. Followings are
sample-and-hold circuits to obtain Vi s; and Vg, which include
inductor current information.

Fig. 18 shows the schematic of the four-phase clock genera-
tor. Fixed frequency generator produces a clock signal, CK, by
charging and discharging the capacitor, Cck . Clock signals of
the four phases, C K1—C' K}, can be generated by logic circuits
in Fig. 18. Fig. 19 illustrates the schematic of CLK shifter in
the TSCB. Current balance control currents, %CBI—ECBAL, which
generate by push—pull time-shift unit are sent into the CLK
shifter to adjust the charging time of C},1—C}4, in each period.
Thus, the negative edges of C K1—C K are shifted to be leading
or lagging for generating C K1 —CK;54. VRamp1—Viampa are
modulated by shifting the clock signals, CK1-C Ky, according
t0 ¢cB1—1CB4-
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Fig. 20.  Chip photo of the proposed VRM with the TSCB technique.

Since the converter output voltage dependent control and the
channel current dependent control are separated into the error
signal, Vo, and the time-shifted ramp signals, VR amp1—Viamp4,
respectively, two feedback loops can be manipulated in con-
formity with different requirements. In the voltage feedback
loop, a high dc gain error amplifier, EA in Fig. 10 is adopted
to meet high regulation accuracy requirement of servers. The
frequency response is compensated by the compensation net-
works with PID or PI in voltage-mode or peak current-mode,
respectively. In the current feedback loop, current balance per-
formance is managed by the dc gain of OP,—-O P, in Fig. 16.
C,1 and C, in Fig. 16 form the compensation network for the
TSCB technique. Voltage feedback loop and current feedback
loop are well-compensated to ensure the stability of the cloud
computing VRM with the TSCB.

V. EXPERIMENTAL RESULTS

TSCB technique for cloud computing VRM prototype was
fabricated in TSMC 0.25 pm CMOS process. The output filters
are [y =Ly =Ly =Ly =47uH and C}, = 47uF. ESRs of
filter inductor and capacitor are 150 and 30 m-{2 nominally. In-
put voltage is 3.3 V. The switching frequency is 600 kHz per
phase. The maximum load current is scaled down to 2 A owing
to limited silicon area. Fig. 20 demonstrates the chip photo of
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Fig.21. Measured results of conventional RACB VoyT = 950 mVand I} =

0A.
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Fig.22.  Measured results of the proposed cloud computing VRM (a) without
and (b) with the TSCB technique when Voyt = 950 mV and I, = 2 A.

the proposed VRM with TSCB technique. Fig. 21 shows the
measured results of conventional RACB when output voltage is
set to 950 mV and total load current is set to O A. The channel
currents are oscillating and output voltage cannot be regulated.
By adopting the proposed TSCB technique in cloud computing
system, the output voltage is regulated at 950 mV and the load
current can increase to 2 A, which is the maximum load of the
proposed prototype, for the servers as demonstrated in Fig. 22.
The clock signals, C K;—C'K,, which are interleaved, control
the timing of the VRM system. Without the TSCB, unequal dis-
tribution of the channel currents is caused by the mismatches
between phases intrinsically. Four channel currents are 448.6,
438.6, 494.1, and 510.6 mA as shown in Fig. 22(a). When the
TSCB is adopted, the current difference of the four phases is
suppressed as shown in Fig. 22(b) and the channel currents
are 472.7,472.6, 473.9, and 476.8 mA. The TSCB technique is
proved to achieve good current balance performance by decreas-
ing 94.1% of the current unbalance. The load transient response
from 0 to 800 mA with Voyt = 950 mV is shown in Fig. 23. It
shows that current balance can be ensured during both transient
response and steady-state.

To demonstrate VID function, Figs. 24 and 25 show the mea-
sured results of power line with different VID code. In Fig. 24,
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Fig. 24. Measured results when VR pp = 0.96 V where the 8-bit VID code is
equal to “10001111” accordingly.
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Fig.25. Measured results when Vyprp = 0.89 V where the 8-bit VID code is
equal to “10000001” accordingly.

the reference voltage, Vrgr, is set to 0.96 V, i.e., the 8-bit VID
code is “10001111.” The voltage of power line, Vo, which is
controlled by the voltage feedback loop, follows the Vygr and
regulates at 0.96 V. The ripple of Voyr is synthesized by the
four interleaved current ripples and suppressed to 21.4 mV. As
shown in Fig. 24, the Vour is regulated at 0.89 V by adjust-
ing the 8-bit VID code to “10000001.” Since the duty cycle is
close to 50%, the ripple of Voyr is further decreased. Fig. 26
shows the measured frequency response of the proposed TSCB
technique when Voyr = 950 mV and I;, = 2 A. The dc gain,
phase margin and bandwidth in voltage regulation loop, current
balance loop, and cross-coupling loop are (91 dB, 48°, 35 kHz),
(42.1 dB, 50°, 9.2 kHz), and (28.3 dB, 70°, 2.75 kHz).
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Fig. 26. Measured Bode plot of the voltage regulation loop, current balance
control loop, and cross-coupling loop in the TSCB technique when Voyt =
950 mV and I, = 2 A.
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Fig. 27. Efficiency and server performance versus load current of the VRM
for the servers without the TSCB technique in (a) and with the TSCB technique
in (b).

Performance improvement is shown in Fig. 27. The efficiency
curves of adopting one to four phases are illustrated. According
to different load conditions, active phase number is properly
selected by the server and sent to the VRM for high efficiency
over a wide load range. Without the TSC, current unbalance
level becomes larger at heavy loads and thus deteriorates the
efficiency. Most of load current flows through one of the four
channels and increases the temperature. To prevent the damage
of VRM, load current which is larger than 1.6 A is unable to be
provided in extremely unbalance situation. Thus, the operation
frequency and performance of the server in stable operation are
limited. After adopting the TSCB, the efficiency of the VRM
is promoted to over 90% over the whole load range. The maxi-
mum load current is consistent with the designed value and the
performance of the server is improved.
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VI. CONCLUSION

A cloud computing VRM with the TSCB technique is pro-
posed for large current demand from high performance servers.
The functions of active phase number section and voltage VID
are embodiment additionally. The proposed TSCB technique
conquers the stability issue in all conditions in conventional
RACB. Moreover, time-sharing mechanism eliminates unde-
tectable offset voltage in current balance loop to further improve
current balance performance. The prototype with four-phase op-
eration and 2 A maximum load current is implemented in TSMC
0.25 pm CMOS process. By decreasing 94.1% of current unbal-
ance caused by the mismatches of the four phases, the current
balance performance of the TSCB technique is confirmed. The
infallible of voltage regulation according to different reference
voltage realizes the VID function.
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