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Abstract— This paper introduces a practical mixed-signal peak 
current programmed mode (CPM) controller suitable for 
emerging low-power dc-dc multi-level flying capacitor (ML-FC) 
converters. The controller eliminates the inherent instability 
problem of ML-FC converters associated with flying capacitor 
voltage runaway. The method is based on separate asymmetrical 
thresholds defining multiple inductor current peaks within one 
switching period. The effectiveness of the controller is verified 
through simulations and with a low-power 12 V to 1.8 V/1A, 3-
level ML-FC experimental prototype.     

Keywords— cpm control, peak cpm, mixed-signal control, low-
power dc-dc converter, flying capacitor 

I. INTRODUCTION  

Multi-level flying capacitor (ML-FC) converters, 
introduced by Meynard [1], for high power applications [2]–
[3], have been recently investigated as an attractive alternative 
to predominantly used conventional, i.e., 2-level, dc-dc buck 
and boost topologies in numerous low-power applications [4]-
[5], requiring power from a fraction of watt to few kilowatts. 
Benefits of multi-level converters such as switching node 
voltage reduction and frequency multiplication translate into 
physical size reduction and power processing efficiency 
improvements [5]. Nevertheless, a wider adoption of ML-FC 
converters in low-power dc-dc applications is slowed by 
several implementation challenges, including control issues.  
These issues are primarily related to the simultaneous 
regulation of the converter output voltage and balancing of the 
flying capacitor voltage [6] and not fully understood dynamics 
of realistic ML-FC. Recent publications, addressing pulse-
width modulated voltage mode control, have pointed out the 
flying capacitor voltage stability problems in discontinuous 
conduction mode and in the presence of non-negligible ripple 
and proposed solutions for them [7]-[8]. Stability problems 
have been recognized for current programmed mode (CPM) 
operation, and in [9]-[11] it was indicated that valley-based 
CPM provides inherent flying capacitor balancing. In targeted 
cost-sensitive low-power applications, peak CPM is often 
preferred to the valley method, largely due to the inherent 
protection of the main transistor switches under fault condition. 
Furthermore, compared to the voltage mode control, the peak 
CPM provides simpler system dynamics.     

The main goal of this paper is to introduce a practical 
mixed-signal peak CPM controller for multi-level flying 
capacitor (ML-FC) converters that provides both stable output 
voltage regulation and balancing of the flying capacitor voltage. 
The controller of Fig. 1 provides stability of both the output 
and flying capacitor voltages in a 3-level buck converter 
through novel Peak Offsetting Mechanism (POM). The POM is 
based on separate programming of two current peaks, 
corresponding to the two halves of a switching period. During 
a flying capacitor voltage disturbance, the two peaks (ICMD_1 and 
ICMD_2) are offset by a quantity (ΔICMD) symmetrically in 
opposite directions centered around the current command 
steady state value (ICMD), to achieve the stabilization of flying 
capacitor voltage.  

The discussion is divided into three parts. A review of the 
problems with the peak CPM in ML-FC converters is given, 
and the fundamental principle of the peak CPM with Peak 
Offsetting Mechanism (POM) described. This part is followed 
by the description of a practical controller implementation. In 
the final part, simulation and experimental results verifying the 
POM scheme are presented.  

 

This work of Laboratory for Power Management and Integrated SMPS is 
supported by Texas Instruments. 
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Fig. 1 A block diagram of a 3-level buck converter regulated by a mixed-signal 
peak CPM controller with Peak Offsetting Mechanism.  
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II.  PEAK CPM STABILITY PROBLEMS AND PEAK 

OFFSETTING MECHANISM 

 
Before presenting the Peak Offsetting Mechanism for 

stabilizing flying capacitor voltage (vCfly of Fig.1) at half of the 
input voltage (Vin / 2) for peak CPM controlled three-level buck 
converter, the origin of the stability problem is reviewed. 

A. Flying Capacitor Voltage Stability Problem in Peak 
CPM 

The stability problem of the peak CPM for a 3-level flying 
capacitor buck converter (Fig. 1) is described by Figs. 2 and 3 
showing the key converter waveforms over one switching period 
Ts, in steady state and during a flying capacitor voltage 
disturbance, respectively. When there is no disturbance in the 
system, as shown in Fig. 2, assuming the peak current command 
ICMD generated by the outer voltage loop controller (Fig. 1) is 
constant, the flying capacitor voltage stays at the desired value 
of half Vin (vCfly = Vin/2). This yields equal inductor current slopes 
m1 and m3, where the expressions for the two slopes are shown 
within Fig. 2. In turn, these equal inductor current slopes imply 
equal flying capacitor current slopes for both of its charging and 
discharging phases. Furthermore, the duty ratios D1 and D2 for 
each half of the switching cycle are identical and can be 
expressed as 

where, I(Ts/2) can be expressed as Eq. (3) and ideally without 

perturbation equals to I0(Ts), i.e.,  

if substituting Eq. (1) to Eq. (3), one can see that I(Ts/2) can also 

be expressed as a function of ICMD, I0(Ts), m1, m2, and TS 

As a result, the charge flowing in the flying capacitor during the 
first portion of a switching interval is equal to the charge flowing 
out during the second portion, represented by surface areas QA 
and QB, respectively, in Fig.2.  These areas can be calculated as: 

substitute Eq. (1) and (2) to Eq. (5) and (6) will further yield the 
expressions for QA and QB to be 

and the net change of the capacitor charge ΔQCfly, within Ts, i.e., 

is zero without disturbance, where iCfly(t) is the flying capacitor 
current.  

 The result, ΔQCfly=0, from Eq. (9) implies that the total 
charge in the flying capacitor is constant, and therefore its 
voltage is constant and equal to Vin/2, the initial flying capacitor 
voltage at the beginning of a cycle in an ideal case. However, 
this does not constitute a stable equilibrium, which in the 
presence of a disturbance, will yield a runaway condition of 
vCfly(t). Fig. 3 is a graphical representation of the case where the 
flying capacitor voltage, vCfly(t) is perturbed from its nominal 
value of Vin/2 by quantity of ΔVCfly<0 within one switching 

 
 
Fig. 2 Key steady-state waveforms of a 3-level buck converter with 
conversion ratio D < 0.5 (top to bottom): inductor current iL(t), flying 
capacitor current iCfly(t), switching node voltage vx(t), and gating signal 
waveforms. 
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period TS. As one can see, the initial perturbation, as introduced, 
causes the new charging and discharging slopes, m1’ and m3’ to 
deviate from their respective steady-state values, i.e., 

This means for the same peak current command ICMD, the larger 
charging phase slope m1’ (m1’ > m1) will lead the inductor 
current to reach the peak command, ICMD, faster compared to the 
condition in steady-state. Similarly, the smaller slope m3’ (m3’ < 
m3) will delay the inductor current from reaching the peak 
command, ICMD. Based on the previous considerations, m1’ and 
m3’ will in turn modify  D1, D2 and I(Ts/2) from their 
pre-disturbance states and cause reduction of total charge of the 
flying capacitor, as described by Eq. (7), (8) and (9). This 
reduction of the total charge will ultimately further reduce the 
flying capacitor voltage. Fig. 4 shows the net charge loss and 
subsequent flying capacitor voltage loss from cycle to cycle will 
continue in the classical peak CPM scheme, which forces a fixed 
command for each peak within one switching cycle. 

 

B. Peak Offsetting CPM Control 

The peak CPM controller with Peak Offsetting Mechanism 
in steady-state, when the flying capacitor voltage is ideally 
equal to Vin/2, has no impact on the current loop operation.  
However, in the presence of a flying voltage disturbance, it 
modifies the controller operation by providing two different 
peak commands for the two inductor current peaks existing 
during one switching cycle of a three-level buck converter, as 
shown in Fig.5. The first peak, corresponding to the slope m1 is 
set to a value ICMD_1 = ICMD + ΔICMD, to a value larger than the 
steady state peak current command, and the second peak 
corresponding to the slope m3 is set to smaller value, ICMD_2 = 
ICMD - ΔICMD, where ΔICMD is a value set by a simple PI 
compensator comparing vCfly with Vin/2, i.e., with its desired 
value. As a result, the two peaks are offset symmetrically in 
opposite directions by a value of ΔICMD centered around ICMD. 
The correction factor ΔICMD set by this additional control loop 
in steady-state is zero.  

 
Fig. 5 Key current and control signal waveforms of the peak CPM 
controller with Peak Offsetting Mechanism.   
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Fig. 4 Inductor and flying capacitor current waveforms over multiple 
switching cycles when a perturbation is introduced in vCfly(t): solid line 
steady-state conditions; dashed line – waveforms of the current in the 
presence of flying capacitor voltage disturbance, i.e. for the case when VCfly 
< Vin/2. 

 
Fig. 3 Key current waveforms of the conventional peak CPM controller 
during flying capacitor disturbance within one switching period, TS.   

ICMD

m1' > m1 -m2
-m2m3' < m3

-ICMD

QA

QB

 QB  > QA

VCfly↓ for this switching period
        ICMD

iL_3Level Buck (t)

TsTs/2D1Ts D2TsTs/4 3Ts/4

TsTs/2D1Ts D2TsTs/4 3Ts/4

I0(Ts) I0(Ts)
I(Ts/2)

m1' = VIn – (VCfly+ΔVCfly) - VOut

        L
m3' = (VCfly+ΔVCfly) - VOut

        L

-m2 = -VOut

        L

t

t

2
in

CflyCfly

V
VV <Δ+ ,       (10) 

11

)(
' m

L

VVVV
m outCflyCflyin >

−Δ+−
= , and  (11) 

33

)(
' m

L

VVV
m outCflyCfly <

−Δ+
= ,        (12) 

3104



Fig. 5, showing operation for a case when the initial value 
of the flying capacitor voltage is smaller than Vin/2, can be used 
to describe how setting the two peak commands offset 
symmetrically in opposite direction centered around ICMD 
eliminates the runaway problem described in the previous 
subsection. By increasing the first peak and reducing the second 
one, QA and QB shown in Fig. 5 can now be expressed as  

the total capacitor charge can therefore be programmed to cause 
vCfly to ramp up to a higher value, and the problem of the 
runaway will be eliminated from cycle to cycle. Conversely, if 
vCfly is larger than Vin/2, ΔICMD will then be negative such that 
the first peak will be reduced, and the second peak increased; 
the total capacitor charge is therefore programmed to cause vCfly 
to ramp down to a lower value. Furthermore, burden on the 
output voltage loop generating ICMD is reduced, due to the offset 
peak current commands averaging to the desired ICMD itself over 
a complete switching cycle. 

III. PRACTICAL IMPLEMENTATION  

As it can be seen from Fig. 1, the conventional mixed-signal 
peak CPM controller [12] is modified. As in the conventional 
implementation the output voltage loop is digital, and, in this 
case, the analog current loop is modified, by adding a mixed-
signal control loop (Peak Offsetting Mechanism loop) and 
providing two separate outputs for controlling the two current 

peaks within a switching period separately. As described 
before, the new loop compares the flying capacitor voltage, 
vCfly, to Vin/2 and, based on the digital error signal evcfly[n], the 
digital Peak Offsetting Mechanism PI compensator produces a 
digital correcting current reference ΔICMD[n]. This value is both 
added and subtracted from the steady-state peak current 
reference, ICMD[n], which is a command from the output voltage 
loop, to generate the two-separate current peak references, 
ICMD_1[n] and ICMD_2[n] for the first and second half of the 
switching cycle, respectively. The two digital peak commands 
are then converted into analog signals separately, depending on 
if the operation is during the first or second half of the switching 
cycle. In other words, during the first half of the switching 
period, 0 < t < TS/2, ICMD_1[n] is converted into analog voltage 
signal equivalent, rICMD_1(t), through DAC1, where r is the gain 
of current sensing circuit, whereas in the second half of the 

 
 
Fig. 7 Simulation Comparison between Peak CPM (a) without and (b) with Peak Offsetting Mechanism for VCfly stabilization under the simulation condition 
of L = 1.2µH, C = 80µF, CFly = 75µF, fsw = 500 kHz, Vin (nominal) = 12 V, VCfly (nominal) =6 V, Vout = 1.8 V, D = 0.15. Waveforms in both (a) and (b) (top to bottom): 
output voltage vOut(t), flying capacitor voltage vCfly(t), switching node voltage vx(t), and inductor current iL(t).  

 
Fig. 6 Zoomed in view of VCfly perturbation in conventional peak CPM 
under the simulation condition of L = 1.2µH, C = 80µF, CFly = 75µF, fsw = 
500 kHz, Vin (nominal) = 12 V, VCfly (nominal) =6 V, Vout = 1.8 V, D = 0.15. 
Waveforms (top to bottom): output voltage vOut(t), flying capacitor voltage 
vCfly(t), switching node voltage vx(t), and inductor current iL(t).  
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switching period, TS/2 < t < TS, ICMD_2[n] will be converted into 
analog voltage signal, rICMD_2(t), also through DAC1. The values 
rICMD_1(t) and rICMD_2(t) are compared with the sensed inductor 
current through the analog comparator, Comp1, during the first 
and second half of the switching cycle, respectively. The 
comparator output is transferred back into digital domain, 
eventually generating the gating signals for the three-level buck 
converter. 

IV. SIMULAITON AND EXPERIMENTAL RESULTS 

To verify operation of the introduced Peak Offsetting 
Mechanism based peak CPM controller both a simulation test 
bed and an experimental prototype were developed. The 
prototype converter is a 12 V to 1.8 V/ 1A 3-level FC buck. 

Using PLECS simulation tool, the previous analytical 
derivation from Section II.A and the stability problem are 
verified, through demonstration of a cycle by cycle basis 
operation of conventional peak CPM. As shown in Fig. 6, there 
is a constant voltage drop of flying capacitor voltage, which 
translates in a continuous drift of vCfly from cycle to cycle once 
a perturbation occurs in the system. 

Also, using PLECS, verification of the functionality of the 
introduced peak CPM with Peak Offsetting controller is 
performed, through a comparison with the operation of the 
conventional peak CPM controller. In Fig. 7, the operation of 
the new controller is demonstrated for the same runaway 
condition of vCfly.  

By comparing Figs. 6 and 7, it can be seen that, the 
conventional peak CPM control scheme results in a drifting of 
vCfly while the Peak Offsetting Mechanism, not only prevents the 
drift but also forces the flying capacitor voltage to settle at the 
desired value of Vin/2. Since vCfly is stabilized at Vin/2, the 3-

level mode of operation is maintained as observed in the 
inductor current waveform with benefits of frequency 
multiplication and reduced switch voltage stress [5].  

Experimental system was built based on the diagram from 
Fig. 1. The digital part of the controllers was implemented using 
an FPGA development board, a custom-made board having the 
power stage, discrete current sensor, comparators, buffers, and 
digital-to-analog converters, and an interconnecting board 
having analog-to-digital converters. Due to the limitations of 
the discrete current sensing circuit the effective frequency of 
the converter, i.e. frequency of the current ripple, was set to be 
1 MHz while the switches are operated at a frequency of 500 

 
Fig. 8 VCfly runaway condition in conventional Peak CPM on a three-level 
buck converter for L = 1.2µH, C = 80µF, CFly = 75µF, fsw = 500 kHz, Vin 

(nominal) = 12 V, VCfly (nominal) =6 V, Vout = 1.8 V, D = 0.15. (a)View of VCfly 
drifting in conventional Peak CPM. Time scale: 2 [ms]/div; at trigger 
point which is three horizontal divisions from the left, conventional Peak 
CPM is enabled. (b) shows zoomed-in view right after trigger point and 
(c) shows zoomed-in view of steady-state after trigger point; both (b) and 
(c) have time scale: 1[µs]/div; Ch1. 10[V]/div: Vx; Ch2. 5[V]/div: VCfly; 
Ch3. 2[V]/div: Vout; Ch4. 2[V]/div: iL_Sensed. 

 
Fig. 9 Effect of Peak Offsetting Mechanism for VCfly runaway condition on 
a three-level buck converter for L = 1.2µH, C = 80µF, CFly = 75µF, fsw = 
500 kHz, Vin (nominal) = 12 V, VCfly (nominal) =6 V, Vout = 1.8 V, D = 0.15. 
(a)View of VCfly stabilized in Peak CPM with Peak Offsetting Mechanism. 
Time scale: 2 [ms]/div; at trigger point which is three horizontal divisions 
from the left, Peak CPM with Peak Offsetting Mechanism is enabled. (b) 
shows zoomed-in view of steady-state after trigger point; (b) has time 
scale: 1[µs]/div; Ch1. 10[V]/div: Vx; Ch2. 5[V]/div: VCfly; Ch3. 2[V]/div: 
Vout; Ch4. 2[V]/div: iL_Sensed. 

 
Fig. 10 Steady-state operation in peak CPM with Peak Offsetting 
Mechanism with stabilized VCfly and Vout on a three-level buck converter for L 
= 1.2µH, C = 80µF, CFly = 75µF, fsw = 500 kHz, Vin (nominal) = 12 V, VCfly 

(nominal) =6 V, Vout = 1.8 V, D = 0.15. Time scale: 1 [µs]/div; Ch1. 1[V]/div: 
Current Command (ICMD_1(0<t<Ts/2) and ICMD_2(Ts/2<t<Ts)); Ch2. 
5[V]/div: Vx; Ch3. 2[V]/div: Vout; Ch4. 1[V]/div: iL_Sensed. 
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kHz. It should be noted that, as shown in [12], on-chip 
implementation of a low-power high-frequency (10 MHz) 
current sensor is possible. The experimental results of the 
conventional peak CPM controller in the presence of a flying 
capacitor voltage disturbance are shown in Fig. 8, and the 
results with peak offsetting controller are shown in Fig. 9.  
Fig. 10 demonstrates a steady-state operation using peak CPM 
with Peak Offsetting Mechanism with peak command as well 
as gating signals showing. Experimental and simulation results 
are in complete agreement. Conventional peak CPM controller 
is not capable of recovering from a flying capacitor voltage 
perturbation, whereas in the case of a peak CPM with Peak 
Offsetting Mechanism control scheme, the flying capacitor 
voltage disturbance is eliminated, and vCfly is stabilized at the 
desired value of Vin/2. 
 
 

V. CONCLUSIONS 

This paper introduces a practical mixed-signal control 
method that enables use of peak current programmed mode 
(CPM) control in low-power dc-dc multi-level flying capacitor 
converters (ML-FC). The origin of the flying capacitor runaway 
problem is reviewed, and a method based on asymmetrical 
offsetting of the two current peaks within one switching period 
is introduced as a solution. The effectiveness of Peak Offsetting 
Mechanism (POM) is demonstrated with a 3-level FC buck 
converter prototype displaying stable operation of the flying 
capacitor voltage and at the same time implementing the 
desired peak CPM control strategy. 
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