704

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 1, JANUARY 2026

Current-Source-Mode DC-DC Converter With
Ripple-Based Control: Concept, Modeling
and Duality Principle

Lunbo Deng

Abstract—The fundamental current-source-mode (CSM) dc-dc
converters and their corresponding power conversion systems have
been proposed as effective solutions for constant current drive
applications. However, the full potential of CSM converters remains
largely untapped due to the lack of advanced control strategies.
Widely adopted ripple-based control methods for voltage-source-
mode (VSM) dc—dc converters can provide valuable control ref-
erences for CSM converters. This article revisits the derivation
of CSM converters and proposes a ripple-based control for CSM
converters (denoted as I* control), leveraging the circuit duality
principle. Through frequency-domain modeling based on describ-
ing function, this article reveals the duality between I control for
CSM converters and the well-known V2 control for VSM con-
verters, highlighting their stability regions in terms of the duty
cycle and circuit parameters. Experimental results validate the
stability region of I? control and demonstrate its significantly faster
dynamic response compared to the control methods without ripple
information, for example, proportional-integral control and model
predictive control.

Index Terms—Current-source-mode (CSM) converter, duality
principle, I? control, modeling, ripple control, stability, V> control,
voltage-source-mode (VSM) converter.

I. INTRODUCTION

C-DC converters play a crucial role in modern power
D conversion systems. Among them, voltage-source-mode
(VSM) converters have become dominant in both constant
voltage and constant current output applications. However, in
multichannel current output scenarios, such as driving light-
emitting diode (LED) strings, VSM converters face consider-
able cross-regulation issues [1]. Dong et al. creatively applied
current-source-mode (CSM) buck converters to achieve inde-
pendent dimming of LED strings without cross-regulation [2].
As aresult, CSM converters have regained attention, despite the
concept of the CSM buck converter having been proposed over
adecade ago [3]. A typical CSM power conversion system [4] is
shown in Fig. 1(a), while Fig. 1(b) presents the VSM counterpart
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Fig. 1. Power conversion system. (a) Current-source-mode. (b) Voltage-
source-mode.

for comparison. Fig. 1 clearly illustrates the duality between the
CSM and VSM power conversion systems, and the exploration
of duality principles serves as the central theme and focus of this
article.

Typical applications high-precision current regulation include
LED [5] and laser drivers, welding equipment, and electromag-
nets [6], where precise and fast current regulation is critical. Itis a
challenge to achieve constant current supply in VSM converters
without additional circuit modifications [7] or specific control
strategies [8]. Hence, strategies based on CSM converters pro-
vide a promising solution for current regulation.

Research on CSM converters has focused on the development
of new topologies, systematic structures, modeling, and control
methods. By replacing existing circuit cells, CSM boost, buck-
boost, and SEPIC converters are derived, which are essentially
variants of the VSM buck, Cuk, and Zeta converter, respectively
[9]. Sun and Cheng [10] summarize that a large proportion of
VSM converters are based on switching-inductor and capacitor
filter, while CSM converters rely on switching-capacitor and
inductor filter. Based on this concept, three switching-capacitor
converters are proposed for high current gain applications. Fol-
lowing this, a CSM bidirectional converter is proposed, address-
ing the gap in bidirectional power flow for CSM converters [11].
Additionally, by introducing a resonant unit, a CSM converter
with soft-switching properties is proposed to improve efficiency
[12].

The typical structures of single-input-multiple-output and
multiple-input-multiple-output power conversion system are
voltage-in-voltage-out [13] or voltage-in-current-out [14]. Ac-
cording to the duality principle, the current-in-voltage-out
(CIVO) and current-in-current-out (CICO) structures are derived
by replacing the common voltage bus with acommon current bus
[15]. CSM converters in the CICO structure has been reported for
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Fig. 2. Duality principle in topology. (a) Current-source-mode. (b) Voltage-
source-mode.

use in LED dimming applications [16], while CSM converters
in CIVO structure can be applied in photovoltaic (PV) systems,
where the PV module is modeled as a current source with internal
resistance [17].

For fundamental CSM converters, the state-space average
method consistently yields a very accurate small-signal model of
the power stage, which forms the basis for closed-loop controller
design [18]. To enhance the dynamic performance, advanced
control methods, such as model predictive control (MPC) [19],
have been explored for use in CSM converters, However, for
low-cost applications, the computational burden of MPC signif-
icantly increases the cost of the control chip. In fact, VSM con-
verters offer a wealth of ripple-based control references [20], but
these have not received sufficient attention in CSM converters
due to the neglect of the duality principle for control methods.
Since the state-space average method ignores ripple information,
modeling ripple-based control becomes an additional challenge
[21]. Furthermore, addressing potential subharmonic oscillation
instabilities relies on accurate modeling.

In this article, the ripple-based control method for CSM
converters is first introduced. The main contribution is that this
article reveals the control duality between CSM converters and
VSM converters, providing an important guideline for transfer-
ring VSM converter control methods to CSM converters.

The rest of this article is organized as follows. Section II
revisits the properties of fundamental CSM converters, including
topologies and gains. Section III proposes I* control for CSM
converters, which serves as the counterpart to V2 control for
VSM converters. Using the describing function (DF) modeling
method, the duality principle in frequency-domain characteris-
tics, subharmonic oscillations and circuit parameter selection are
discussed. Section IV presents experimental results that validate
the stability region of > control and demonstrate its significantly
faster dynamic response compared to the control method without
ripple information (e.g., PI control and MPC). Section V pro-
vides a detailed discussion of * control, including comparison
with existing control methods, robustness and applications in
other CSM topologies. Finally, Section VI concludes this article.

II. TIME-DOMAIN CHARACTERISTICS OF CSM CONVERTERS

Fig. 2 illustrates the duality principle between fundamental
topologies of VSM and CSM converters. In Fig. 2(a), a storage
inductor and two switches arranged in a star connection form the
voltage conversion unit for VSM converters. In contrast, a stor-
age capacitor and two switches arranged in a delta connection
form the current conversion unit for CSM converters.

TABLE I
FUNDAMENTAL TOPOLOGIES OF CSM/VSM CONVERTERS AND THEIR
CURRENT/VOLTAGE GAIN

Buck

Boost

Buck-
boost

M,=D/(1 - D)

M;=(1-D)/D

Table I gives the topologies of CSM converters and their VSM
counterparts, excluding the equivalent series resistance (ESR)
in all capacitor paths. Taking the CSM buck converter as an
example, when switch §; turns OFF and S» turns ON, capacitor
voltage v is charged, while when S; turns ON and S» turns OFF,
v is discharged. Let Ty, and D represent the switching period
and duty cycle, respectively. Then, the ampere-second balance
of v can be expressed as

IoDTsw = (Ii - Io)(l - D)Tsw (1)

the current gain M; of the CSM buck converter in continuous
conduction mode (CCM) is given by

M;=1,/Iiy=1-D. (2)

Other current gains of CSM converters can be derived in
the same way. For VSM converters, the volt-second balance of
inductor current leads to voltage gains M, = V,/V;, in CCM,
which are also given in Table I. Clearly, there is a duality between
M, and M,,, which can be interchanged by replacing D with 1 -
D.

The output ripple ratios of CSM and VSM buck converters
can be calculated as follows:

% ~ D(187LDC)T3N Re ~ 0 (3)
Iin 7D(17%)T’WRC R.>0
Mo [POPE g0
Vin w R.> 0

where R, is the ESR in the capacitor paths. The output ripple
ratios of CSM and VSM converters can be interchanged by
swapping L and C.

This section explores the duality principle in topology, gain
and ripple. The duality principle will form the foundation for
ripple-based control in CSM converters.
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Fig. 3. Ripple-based control. (a) V2 control. (b) I control.

III. FREQUENCY-DOMAIN CHARACTERISTICS OF
RIPPLE-BASED CONTROL FOR CSM CONVERTERS

A. Concept of P Control

VSM converters offer a wide range of ripple-based con-
trol methods to enhance dynamics or disturbance rejection,
such as constant-frequency peak current-mode control, valley
current-mode control [22], and V2 control [23]. Among these,
V2 control has a slow outer voltage loop for reference tracking
and a fast inner voltage ripple loop for dynamic performance
enhancement. As shown in Fig. 3(a), the output voltage consists
of both v (related to inductor current iz) and ESR voltage, V2
control exhibits the performance and limitations of current-mode
control. Furthermore, while ESR improves load dynamics, it also
introduces additional stability concerns [24].

In this section, I control is proposed for CSM converters,
with its concept illustrated in Fig. 3(b). Tough not shown in
Fig. 3(b), the current sampling can be realized using a shunt
resistor and a high-precision operational amplifier (Op-Amp)
to preserve ripple information. Assume that /> control operates
in a nonoscillatory case. When the clock signal initiates a new
switching period, S; turns OFF and S5 turns ON, simultaneously
K;i, increases from its initial value, where K; is the current
sampling coefficient. Once K;i,, reaches the control signal i¢op,
S1 turns ON and S5 turns OFF, K;i, decreases until the next clock
signal arrives. The i.o, is typically generated by an error ampli-
fier (EA) for output error compensation and dynamic adjustment.
By introducing output current ripple into the control loop, it is
expected that /2 control exhibit transient performance similar to
that of V2 control.

It is well known that V2 control suffers from subharmonic
oscillations due to a large duty cycle and small ESR [25].
Therefore, based on the duality principle, it can be anticipated
that I? control may encounter the same issues. Fig. 4 provides
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Fig. 5. Perturbed waveform with DF modeling method.

an example showing that when /;, = 1 A and I, exceeds 0.5 A,
the subharmonic oscillation clearly occurs. The stability region
will be explained using a frequency-domain model based on the
DF modeling method.

B. Modeling of P Control

A small sinusoidal perturbation with frequency f;, is injected
into the control signal i..y. fr, and the switching frequency fiy,
satisfy the relation Nfy, = Mf,,, where N and M are positive
integers [23]. Following the control law, the duty cycle and
waveforms are shown in Fig. 5, where PWM’ represents the
perturbated pulsedwidth modulation signal, while PWM repre-
sents the steady-stable counterpart.

The perturbed control signal i.o,(7) is expressed as I.on +
(t) = Ieon + 7 - sin(wmt), where I, is the steady-state value,
(t) is the sinusoidal perturbation, ” represents small signal, and
wm = 27fn. Based on the control law, it is found that

7
7

[icon (ts + Tofe(iy) — tcon(ti-1 + Toti(i-1))]
— [icon(ti—1 + Tori—1)) — fcon(tim2 + Tosr(i-2))]

ti+Tofe(i) tio1+Tom(i-1)
K; . .
= f bo(t)dt — Do (t)dt
ti—1+Tom(i-1) ti—o+Tom(i-2)
a
ti+ oo tio1+Tom(i-1)
K; . N
+ f VR, (t)dt - VR, (t)dt
ti—1+Tomi-1) ti—2+Tom(i-2)




DENG AND ZHOU: CSM DC-DC CONVERTER WITH RIPPLE-BASED CONTROL: CONCEPT, MODELING, AND DUALITY PRINCIPLE 707

Ve 1

/ N

f,'_z t,'_l [,‘ ti+1 t

Fig. 6.  Perturbed waveform of v¢.
ti+Tosr(s) tio1+Tom(i-1)
K; . .

tic1+Tom(i-1) ti—o+Tom(i-2)

c

Fig. 6 shows the illustration for calculating a. Assume that
voltin) = Vo, so the areas A; to A4 can be expressed as

To2n(i72) /2

Ay = VooTe(i-1) + $oTuei—1y/2

Ay = Voo Toni-2) + st

As = (VootsaTotr(i-1) = 5nTon(i-1)) Tot(i—1) + 51 Ton(i_1)/2
Ay= (Voo + suToti(i—1) = $uTon(i-1)) Toi(i—1) + a7, off( /2
(6)
= (lin-1,)/C, and s¢ = I,/C. Then, a is expressed as
a=A4+ A3 — Ay — A
~ suToit ATty + (5tTot + 50Ton) ATos(i—1)
+ st Ton ATt (i-2) (7

where ATo(iy = Tost(s) — Toft-
Similarly, b and c can be calculated as follows:

b= Relin (DAT gy + (1 — 2D) AT ygz;-1)
—(1 = D)ATyg(i-2)) 3

ti+Tofr(s)

where s,

tio1+Tom(i-1)
A(t)dt — / #(t)dt

ti—o+Toe(i-2)

R

CX —

K;
bie1+Tome(i-1)

R R /2
e [7“ (til + Tofri—1) + W{n)

A m/2
-7 (ti + Tomriy + w/ﬂ

LettingAToff(i_Q) = ATOff(i_l)eiij,I;W =
ATg(iye2“mTw and combining (5)~(9), ATog(;)
express as (12), as shown at the bottom of this page.

The small-signal perturbation on the PWM signal d(#) can be
expressed as

can be

M
Cz(t)‘OStStIWJrl Z t —ti— 0ff> (t —ti— Toff(i))}
=1
(10)

where u(7) = 1 when 7 > 0. Then, Fourier analysis is performed
on d(t)

Thrr1
cm(d):fﬁm / d(t)e7nt dt.
0

The Fourier coefficient of 7(¢) is #/2j. Therefore, the DF of
P2 controller, from the control signal to the PWM signal, can be
expressed as

Cin (&(t))

(1)

N S

Cu (7(8)) ~ Ei(ag + age 4nTw + agei2nTo) (1)
where
oo = snloit + DIin R,
a1 = s¢Toir + $nTon + (1 — 2D) I, Re
ag = s¢Ton — (1 = D) xR (14)

By replacing jwy, with s in (13), the transfer function of P
controller d(s)/icon(s) is obtained. Then, the control-to-output-
current transfer function can be expressed as

ﬁo(s)

icon(s)

R
1/sC +1
sL+ R

gcon (S) Cs

o Iinfsw (SCRe + 1) (]_ — e*ST.sw)2 (15)
- KiCs? (ag + ajesTw + age=25Tw )’

_d(s) T

By introducing a small output voltage perturbation, the
output-voltage-to-output-current transfer function (output ad-
mittance) is derived. Similarly, by introducing a small input
current perturbation, the input-current-to-output-current transfer
function (audio susceptibility) is derived. They are expressed as
follows:

Iinfsw(l—e""TSW)Q(SCR6+1) 1

’ (s) _ Cs*(aotare *Twtaze 29Tw) (16)
0o () sL
— R f t: + T . + L/2 ~ —8Tsw —sTofe 1
2 (o) ot are T rae )
. 7r
—Tr (tzl + Toff(ifl) + ):| . (9) 1 + R
“m x 20 1< (17)
sL+ R
Fsinwm ( + Tomr)) (1 — e’jW'"TSW) (1 + ]me)
ATy = (12)

% [(SnToff + DIinRe) +

(SfToff + SnTon + (1 — QD)IinRe) e‘j‘*’stw =+ (SfTon — (1

— D)ImRe) e_jQWmT'sw}
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(c) Audio susceptibility for I control and open loop.

TABLE 11
CIRCUIT PARAMETERS
Parameters Symbol Value
Switch frequency Jow 50 kHz
Input current Jin 1-4A
Output current 1, 350 mA
Sampling gain K; 10
Capacitance C 220 pF
Inductance L 500 pH
Load voltage Vo 2.8V
Shunt resistance R 1Q

With the circuit parameters listed in Table II, Fig. 7 shows
the Bode plots of %(s)/icon(s), output admittance and audio
susceptibility, where the solid lines represent the theoretical
transfer functions, and the dashed lines represent the frequency-
sweeping results obtained using SIMPLIS simulation. As given
in Fig. 7(a), the theoretical control-to-output-current transfer
function matches the simulation well, which is critical for stabil-
ity analysis. The discrepancies in Fig. 7(b) and (c¢) are acceptable,
as the output admittance and audio susceptibility are intended
for qualitative comparison.

Moreover, Fig. 7(a) also includes open-loop Bode plot of
io(s)/d(s), Fig. 7(b) includes open-loop output admittance,
and Fig. 7(c) includes open-loop audio susceptibility. Since
open-loop transfer functions can be derived through the com-
mon state-space average modeling method [26], the modeling
processes are omitted. The corresponding transfer functions of
open loop are shown as

10(8) o Iin(sCRe+1) (18)
d(s)  82LC +sC(R+ Re) + 1

open loop
io(5) - ¢ (19)
0o (5) 1 s2LC' 4+ sC(R+ R.) +1

open loop
io(5) _ (1= D)(sCRe+1) 0,
;in(s) open loop S2LC + SC(R + Re) + 1'

Bode plots of transfer functions. (a) 4 (s) /icon(s) for 12 control and i, (s)/d(s) for open loop. (b) Output admittance for /2 control and open loop.

‘ d - = '
-1 G(s) 508 i,(s)/d(s) >
Plcontrol lv"
______________________________________ 0,(s)/9,(s)
T 3 i
=i (s)/1,,(s) =\+/ “n
/2 control i ()i ()
fi,
K, |

Fig. 8. Small-signal control block diagram for PI control and /> control.

C. Loop Design

Fig. 8 depicts the small-signal control block diagram for PI
control and /% control, where G(s) is the transfer function of EA,
Vsaw = 15 V denotes the magnitude of sawtooth signal. When
I, = 2.5 A (the midpoint of input current) and /;,, = 350 mA
(a typical LED driving current), R = 1 €2 (ignoring the resistor
on LED and considering the shunt resistor), the phase margin
(PM) and gain margin (GM) of loop gain 7(s) are required larger
than 45° and 10 dB, respectively. Finally, the EA for PI control
is designed as -(8.2 4 3030/s), the negative sign is included to
offset the negative sign in (18), whereas the EA for I* control is
30303/s.

Fig. 9(a) depicts the Bode plot of 7(s), and Fig. 9(b), and (c)
depicts the closed-loop output admittance and audio susceptibil-
ity, respectively. Table III gives the frequency-domain character-
istics depicted in Fig. 9. Except for GM, I control demonstrates
overall superiority over PI control, including higher crossover
frequency, larger PM and loop gain, and lower closed-loop
output admittance and audio susceptibility, indicating its faster
dynamics and disturbance rejection ability than PI control.

D. Stability of I’ Control

Although the model (15) is accurate, it is complicated to
investigate the stability of /? control. For simplicity, Padé
approximation is performed on the exponential term [27], as
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Fig. 9. Bode plots of closed-loop transfer functions. (a) Loop gain. (b) Closed-loop output admittance. (c) Closed-loop audio susceptibility for /2 control and
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TABLE III
CLOSED-LOOP FREQUENCY-DOMAIN CHARACTERISTICS

PI control  I? control
Crossover frequency 1.7 kHz 6 kHz
PM 45° 80°
GM / 10 dB
Loop gain (at 100 Hz) 24 dB 32 dB
Closed-loop output admittance
(at 100 Hz) -40 dB -100 dB
Closed-loop audio susceptibility
(at 100 Hz) -41 dB -80 dB
T,
e T = - T @1
w_f + Qw1 +

where Q1 = 2/m, and wy = 7/Tsy,. Padé approximation can be
accurate up to half of the switching frequency. Then, (15) is
rewritten as

io(s) B Iin (sCR. + 1)

teon(s)  KiCfow (Bas* + B3s® + Bas? + fist + o)

where

(22)

(&%) + (651 —+ (6) 2040 — 2&2
ﬂ4 = 1 > 0, 63 =5 3 >0
Wi Qiwy

1 ag — a1 +«
ﬁ2:—2(2a0+2a1+2a2+0—122) >0
Wi Q7

2000 — 2
u>0, Bo = ag+ a; +as > 0.
Qw1

According to the Routh—Hurwitz stability criterion, stable 2
control should satisfy
B;>0,i=0,1, 2, 3, 4
A = B3B2581 — (BBt + B3 50)

_ AI3R2(2D — 1)[2CR. — (2D — 1)Tiy)
a CQw?

B = (23)

> 0.
(24)

0.2
0.15 Stable region
S
= o1 D<05
&g
0.05
0
0 0.2 0.4 0.6 0.8 1
D
Fig. 10.  Stability region of I> control.
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Fig. 11. Pole-zero map of I? control for different capacitor types. For clarity,

the ESR zero and one AEC pole at much higher frequency are not shown.

Fig. 10 illustrates the stability region, where A > 0, i.e., D >
0.5 and

(2D — 1)T,,

CR. > 5

(25)

Similar to other ripple-based constant-frequency controls
[28], I? control also has a stable boundary at D = 0.5. Fur-
thermore, /> control requires an appropriate capacitor selec-
tion to avoid subharmonic oscillations. Fig. 11 illustrates the
pole-zero map of the control-to-output-current transfer function
with a fixed duty cycle and different capacitor types: aluminum
electrolytic capacitor (AEC), aluminum solid capacitor (ASC),
multilayer ceramic capacitor (MLCC). There are two pairs of
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TABLE IV
DUALITY PRINCIPLE OF CSM/VSM BUCK CONVERTERS AND THEIR
RIPPLE-BASED CONTROL METHODS

Buck CSM VSM
converter
Switching Switching
Topology capacitor inductor
Filter Inductor Capacitor
Ripple 3) (G)

Gain M;=1-D M,=D
Control 17 control V2 control
Stabils D>0.5 D<0.5"

tability 2

" @D-1T. 1 D .
CR >——% CR — T
conditions > 2 > [2 + I—ZDJ -

* The stability conditions for 1”2 control can be found in [29].

poles in Fig. 11. One pair is fixed, as it is solely related to the
duty cycle. As the ESR decreases, the other pair of poles moves
from the real axis in left half-plane to the right half-plane (RHP).

In the Bode plotin Fig. 12, the AEC with larger ESR exhibits a
lower resonant peak at half of the switching frequency compared
to ASC, while the MLCC, with negligible ESR, introduces RHP
poles and instability. Hence there is paradox between ripple
magnitude and stability for I> control. The designer can select
an appropriate capacitor based on (3) and (25).

E. Summary of Duality Principle

Table IV gives the duality principle of CSM/VSM buck con-
verters. Clearly CSM converters and their ripple-based control
exhibit strong similarities to their VSM counterparts. Although
additional CSM control techniques, such as slope compensation,
variable-frequency control, are not discussed in this article, it
can be anticipated that they will also exhibit a strong duality
with VSM converters. This provides an excellent foundation
for transplanting VSM converter control techniques to CSM
converters.

IV. EXPERIMENTAL RESULTS

This section verifies the transient performance and stabil-
ity conditions of the -controlled CSM buck converter, in
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Current.Probe

comparison with PI control, finite-control-set (FCS)-MPC, and
continuous-control-set (CCS)-MPC. The experimental setup is
shown in Fig. 13, and the corresponding circuit parameters are
listed in Table II. Further details regarding MPC are provided in
the Appendix.

As shown in Fig. 13(a), the input for the CSM buck converter
is provided by a custom-designed adjustable current source
based on LM3409, which employs constant off-time control
to deliver a stable current supply and enable fast current ad-
justment. Fig. 13(b) illustrates the CSM buck converter and its
control circuit. A Schottky diode (STPS10L60D) and a MOSFET
(IRFZ24NPBF), driven by an optocoupler (ICPL3120), form the
switching network. The TL431 provides a reference voltage for
both control methods. For /? control, the output current ripple
is sampled using an INA128 (1.3 MHz bandwidth). The EA
is an LM318, the comparator is an LM393, the RS latch is a
CD4043, and the clock signal is supplied externally by a signal
generator. For PI control, the same types of EA and comparator
are used, and the sawtooth signal is also provided by an ex-
ternal signal generator. Besides, the MPC is implemented with
microcontroller unit (MCU) F280049 from Texas Instruments.

A. Transient Performance

Fig. 14 compares the input response when the input current
increases from 1 to 4 A. The reference current is 350 mA, and
the load voltage is 2.8 V, which are the typical operating current
and voltage of the white LED.

Compared with PI control, the duty cycles of /> control and
CCS-MPC adjust within a few switching periods, resulting in
negligible impact on the output current. FCS-MPC also main-
tains the average output current at 350 mA. However, the ripple
magnitude increases as the equivalent switching frequency de-
creases. In Fig. 15, where the input current decreases from 4 to
1 A, all control methods exhibit similar dynamic performance
as in Fig. 14. However, the ripple magnitude of FCS-MPC
decreases as the equivalent switching frequency increases. If
only the dynamics of the average output current are considered
while ignoring ripple, the dynamic performance (including the
output current variation and recovery time) ranks as follows: PI
control << FCS-MPC ~ CCS-MPC =~ I> control.

Fig. 16 compares the load response when the load voltage
steps up from 1 to 5 V. Due to the sudden increase, the output
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2 control. (¢c) CCS-MPC. (d) FCS-MPC.

current drops sharply to nearly O A under PI control and CCS-
MPC. However, the recovery time of CCS-MPC is significantly
shorter than that of PI control. For /* control and FCS-MPC,
the output current drops by approximately 200 mA. FCS-MPC
recovers faster, while > control exhibits an overshoot caused
by the delay of the integrator in the EA. In this load voltage
step-up scenario, the magnitude of output current drop ranks as:
FCS-MPC < I? control < CCS-MPC = PI control; the recovery
time ranks as: FCS-MPC < CCS-MPC < I? control << PI
control.

In Fig. 17, where the load voltage steps down from 5Sto 1V,
all control methods except PI control are able to rapidly short-
circuit the input current to restore the output current, hence their
recovery times are nearly identical. In this voltage step-down
scenario, the dynamic performance ranks as follows: PI control
<< FCS-MPC =~ CCS-MPC = I? control.

Fig. 18 compares the start-up dynamic performance of all
control methods. The start-up performance ranking is: PI control
<< P control < FCS-MPC =~ CCS-MPC.

The experimental results indicate that, FCS-MPC exhibits the
best dynamic performance under all test conditions; however, its
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large ripple may limit its use in precision applications. PI control
shows the poorest dynamic performance. I> control and CCS-
MPC lie between FCS-MPC and PI control, with similar perfor-
mance in most scenarios. The start-up overshoot of I control can
be mitigated by applying soft-start techniques commonly used
in switching converters; this aspect is not further discussed in
this article. In summary, I control achieves MPC-like dynamic
performance with much lower hardware cost. Further discussion
of the four control strategies is provided in Section V-A.

B. Stability Issues

Fig. 19 illustrates the impact of parameters on stability. In
these experiments, the capacitor branch is replaced with an
MLCC and a surface-mounted-device (SMD) resistor in series.
The SMD resistor can be adjusted to achieve the desired resis-
tance for the ESR boundary test. Additionally, ac coupling is
applied to channel 3 (i, ripple) in Fig. 19 to observe the output
current ripple and determine whether subharmonic oscillation
has occurred.

In Fig. 19(a) and (b), the resistance is adjusted to satisfy the
stable condition of (25), excluding the impact of ESR. When
D is 0.51, the circuit operates normally. However, when D is
reduced to 0.49, subharmonic oscillation occurs. These results
confirm the stability boundary at D = 0.5.

To verify the impact of ESR on stability, the duty cycle is
set to 0.7 to eliminate subharmonic oscillations caused by an
improper duty cycle. According to (25), the stable boundary of
ESR is 18 mf). In Fig. 19(c), with the ESR set to 20 m{2, the
circuit operates normally. However, in Fig. 19(d), when the ESR
is reduced to 10 m{2, the circuit enters a state of subharmonic
oscillation. These comparative results validate that (25) provides
an accurate guide for capacitor selection.
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V. DISCUSSION
A. Comparison of PI Control, P Control and MPC

Table V compares the PI control, I? control and MPC in terms
of cost, complexity and current regulation performance.

In terms of hardware cost, PI control can be realized using a
low-cost commercial PWM controller IC (e.g., TL494), which
integrates reference and oscillator functions, and is available
with just a few cents. In contrast, I> control currently lacks
dedicated commercial ICs. Apart from the reference and os-
cillator IC, it requires additional discrete components, such as
a high-precision Op-Amp for ripple sampling (e.g., INA310),
a comparator (e.g., LM393), and an RS latch (e.g., CD4043).
Among these, the high-precision Op-Amp dominates the total
cost, and the total cost for I> control is approximately $1.
For MPC, an MCU, such as F28035, is required, along with
peripheral circuits. The total cost for MPC typically exceeds $5.

The designs of PI control and I? control require only a back-
ground in classical control theory. For FCS-MPC, the limited
number of switching states (d € {0, 1}) makes the design
very straightforward. In contrast, the design of CCS-MPC is
significantly more complex, as it involves continuous control
actions (d € [0, 1]) and requires the knowledge of optimization
theory.

The implementation complexity of I> control is slightly higher
than that of PI control due to the additional hardware components
required. The calculation complexity of MPC depends on the
prediction horizon. For CCS-MPC, the size of the computation
matrix grows linearly with the prediction horizon. In contrast, for
FCS-MPC, the computational complexity grows exponentially
with the prediction horizon [30].

PI control always exhibits the slowest transient response. Un-
der input and load variations, I control demonstrates dynamic
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TABLE V
COMPARISON OF PI CONTROL, /> CONTROL AND MPC
PI MPC
control I* control FCS | CCS
High-precision Op-Amp
Hardware Key IC PWM Comparator MCU
RS latch
Cost Low Medium High
Design Low High
Complexity Implementation Low Medium Depends on t.he prediction
horizon
Input Slow Extremely Fast
Dynamics Load Slow Fast
Start-up Slow Medium Fast
Ripple Good Medium Worst | Good
Others Limitation / Only for high current step-down Unclear small-signal model
applications

performance comparable to that of MPC. However, its start-up
settling time and overshoot are slightly inferior to those of MPC.

It is worth noting that the output current ripple under /> control
is intentionally designed to be slightly higher than that of PI con-
trol and CCS-MPC. This is due to the selection of a larger ESR,
which helps ensure system stability but consequently amplifies
the ripple. Among all strategies, FCS-MPC exhibits the largest
ripple. For example, when /,/I;;, = 0.2, the control sequence
contains {1, 1, 1, 1, 0}, yielding an equivalent switching period
that is five times longer than the control horizon. This accounts
for the variation in ripple observed in Fig. 14(c) and (d) as I,/I;,,
changes.

Moreover, I control is applicable primarily in high current
step-down applications (D > 0.5) to avoid subharmonic oscil-
lations. In contrast, a key limitation of MPC lies in the absence
of a clear frequency-domain model, which poses challenges
for cascaded stability analysis in two-stage architectures [e.g.,
Fig. 1(a)].

In conclusion, /2 control achieves dynamic performance com-
parable to MPC through analog implementation. Although it
is limited in high current step-down applications, the clear and
straightforward frequency-domain design enhances its practical-
ity. In cost-sensitive applications, I? control offers a significant
advantage.

B. Robustness Under Parameter Variation and Noise for I
Control

Consider a £20% variation of C and L due to long-term
operation and manufacturing tolerances. The simulation results
under output voltage steps are shown in Fig. 20(a). Except for
the case where both C and L are at 80% of their nominal values,
I? control exhibits highly consistent dynamic performance.

The sampling noise is introduced into the control loop, as
shown in Fig. 20(b). Although the output current ripple increases
with rising noise, the average output current still tracks the
reference. This is attributed to the outer current loop of I? control,
which limits the maximum output current around the reference
and is insensitive to noise. This simulation demonstrates that the
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Fig. 20.  Robustness simulation. (a) Against parameter variation. (b) Against

noise.

average current under /> control is robust against noise, whereas
the ripple is less tolerant.

In conclusion, as I? control shows robustness under parameter
variation and outer loop, the unique challenge is the sensi-
tive of inner current ripple loop. Accurately reconstructing the
current ripple requires high-precision Op-Amp, and sampling
noise should be minimized as much as possible. For very high-
frequency applications, these may significantly increase the
cost.

C. Extension to Other CSM Topologies

Fig. 21 depicts the waveform of CSM boost and buck-boost
converters with /2 control. For CSM boost converter, when
Ii, =1 A and I, exceeds 2 A (D < 0.5), the subharmonic
oscillation occurs. For CSM buck-boost converter, when [;,, =
1 A and I, exceeds 1 A (D < 0.5), the subharmonic oscillation
occurs. The duality principle still holds: D = 0.5 remains the
boundary for subharmonic oscillation in both CSM and VSM
converters.

However, for CSM boost and buck-boost converters, no insta-
bility related to ESR is observed in the simulations. This is a dif-
ference compared to V2-controlled VSM boost and buck-boost
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converters, where ESR-related instability has been validated in
literatures [31], [32].

VI. CONCLUSION

Based on the duality principle between CSM and VSM con-
verters, this article first proposes a ripple-based control method
for CSM converters. Through precise frequency-domain model-
ing, the inherent duality between I> control for CSM converters
and V2 control for VSM converters is revealed, covering both
transient performance and stability regions. More importantly,
this article provides a valuable approach for transferring VSM
control techniques to CSM converters. The duality principle
significantly simplifies the design process of CSM converter
control, enabling designers to easily evaluate control perfor-
mance and stability by referencing existing VSM control meth-
ods. Through comparison with existing control methods, />
control is demonstrated to be a promising scheme for fast current
regulation.

APPENDIX

Fig. 22 depicts the control block of MPC for comparison
purpose. The control periods for CCS-MPC and FCS-MPC are
both set to 20 us, which are the same as switching period of the
CSM buck converter.

For CCS-MPC, the prediction horizon and the control horizon
are set to 3 and 1, respectively. The corresponding cost function
is expressed as

3

Jees = D lio (t+ j[t) = Tret] +A[Adiiy (£)]
j=1

(AD)

where A is a weighting coefficient for tunning a smooth duty
cycle variation, and Adi;, () is the control increment per control
period. To achieve a faster response, A can be set to a low value,
i.e., 0.01 in this case.
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Fig.22.  Control block of MPC. (a) CCS-MPC. (b) FCS-MPC.
The model is discrete-time version of
(s sCR.+1
o(5) = - © (A2)

d(8)im(s) $2LC+sC(R+ Re) + 1

where d(7) x i;, (f) forms the new control variable di;, () of CCS-
MPC, by doing so, the input current variation is introduced. The
control variable increment is expressed as

Adin(t) = K(Iper — f) (A3)
where K is the control gain vector, Lyer = [Lrof Lref L], and
f the free response vector. In the studied case, K = [1.82 2.08
2.33], f is updated in each control period. The calculation of K
and f can be respectively found in (4.7) and (4.10) in [33].

For FCS-MPC, there are only two switching state (corre-
sponding d = 1 and d = 0). Each of the switching state gives
rise to a different i,(+1) in the next sampling instant. If the
prediction horizon exceeds one, the procedure replicates from
io(t+1). Each of the switching state will lead to a new value of
io(t+2) and so on [33].

To avoid the exponential growth of computational burden, the
prediction horizon is set to 2, and the control horizon is 1. The
corresponding cost function to be minimized is expressed as

Jrcs = [io (t + 2[t) — Let]. (A4)
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