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░ ABSTRACT- It is essential to have enhanced efficiency for the DC-DC converters operating in continuous conduction 

mode (CCM) and discontinuous conduction mode (DCM). This requires a hybrid controller designed using pulse width modulation 

(PWM) and pulse frequency modulation (PFM) schemes. This paper fixates on a boundary-based hybrid control algorithm for the 

second-order DC-DC converter - the switched boost converter. The proposed algorithm works in PWM control scheme for CCM 

operation, whereas DCM operation uses PFM control scheme. The boundary conditions are defined by the load current, output 

voltage, and switching frequency. Here, an attempt is carried out to have the advantages of both the control schemes. The boost 

converter is represented by the switched system operating in three modes. Violating transition guards condition orchestrates the 

switching among these modes. A supervisor detects the CCM and DCM operations, and subsequently switches between PWM and 

PFM control scheme. Extensive circuit-level simulations are carried out in MATLAB to show the efficacy of the suggested algorithm 

under the fluctuating line, load, and set-point. 
 

Keywords: Boost converter, continuous conduction mode, discontinuous conduction mode, hybrid control, switched system. 
 

 

 

░ 1. INTRODUCTION   
The DC-DC converters gained an enormous interest in the last 

few decades as it widely used in numerous applications, e.g., 

electric vehicles, computer laptops, cellular phones, 

photovoltaic systems, to name a few. Hence, the performance 

of DC-DC converter plays a significant role in the efficiency of 

these systems. Researchers do depth analysis of DC-DC 

converters in recent years. Usually, a transfer function is 

obtained by state-space analysis using small-signal models [1] 

[2] [3] [4], large signal models [5], and circuit averaging 

techniques [6] for control design. These models are derived at a 

nominal load; consequently, the efficiency is sacrificed because 

of changes in line and load conditions. The modeling for CCM 

and DCM is different, and most of the cases, DCM is 

overlooked [2] [3] [4] [5]. In some exceptional cases, merely 

critical condition mode (CrCM) is studied [7]. 
 

The converters normally operate in CCM under medium to high 

load and enter the DCM during light load conditions. In fixed 

frequency PWM controllers, driver and switching losses 

increase during light load conditions, and result in poorer 

efficiency [8]. To counteract this, frequency is lowered by PFM 

[9], constant on-time based PFM with fixed switching 

frequency for CCM [10], pulse skip modulation (PSM) [11], 

pulse train (PT) [12], multilevel pulse train (MPT) [13], and 

digital pulse width modulation (DPWM) [8]. Periodic event-

triggered dynamic output feedback control with output 

quantization is suggested to reduce actuator wear and 

communication bandwidth in [14]. Because of advent in control 

theory, modern techniques like artificial intelligence based 

fuzzy control [15], min-type control [16], H-infinity technique 

[17], optimal control [18], sliding mode control (SMC) [19], 

and robust control [20] is also used for control design. However, 

most of these approaches use extensive mathematical 

computations and requires high-end processors for 

implementation. 
 

Among different converters, boost and buck-boost converters 

have right half plane (RHP) zero, unlike buck converter. This 

system is called a non-minimum phase (NMP) system. The 

internal model control (IMC) scheme is implemented for such 

system and compared with the proportional integral derivative 

(PID) controller in [21]. The elimination of RHP zero is shown 

in [22]. As the switched boost converter exhibit NMP, inverse 

response is apparent, which makes controlling of boost 

converter even more complicated. 
 

As an attempt to rectify the above issues, hybrid control 

algorithms were also introduced. An energy balance-based 

hybrid control [23] and PFM + Sinusoidal PWM based hybrid 

control [24] are suggested, but both are only applicable for 

DCM operation. A PFM based hybrid control algorithm is 

carried out in [25]. However, the PFM scheme is uniformly used 

for CCM and DCM operations. The result is too high switching 
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frequency in CCM operation, which rises driver and switching 

losses. The boost converter models in CCM and DCM are 

different in the frequency domain. Therefore, it is difficult to 

design a controller with stable operation for both modes. Thus, 

there is a need of control algorithm, which can work effectively 

in CCM and DCM operations with high efficiency. Being a 

fixed frequency scheme, the PWM scheme has more advantages 

as long as CCM operation is concerned, but it introduces high 

switching and driver losses when the converter operates in 

DCM [8]. To redress this, frequency is decreased by many ways 

as discussed earlier.  
 

Here, the proposed algorithm employs PWM and PFM control 

schemes for CCM and DCM operations, respectively. As the 

control scheme switches to PFM at light load, switching and 

driver losses are decreased because of the lower switching 

frequency. The switched boost converter is shown as an 

interaction between continuous and discrete transitions and 

represented by hybrid automaton. The boundary conditions, 

which control the switching between different states and events 

of hybrid automaton, are defined by inductor current, switching 

frequency, and output voltage. The value of these parameters is 

called transition guards, which rests on line and load conditions. 

To control output voltage within limit, it involves a pertinent 

selection of transition guards. 

  

░ 2. MEDELLING OF SWITCHED 

BOOST CONVERTER 
A typical boost converter is shown in figure 1. For analysis, 

following notations are used: L- inductor, C- capacitor, R– load 

resistance, MOSFET - Switch-1, Diode - Switch-2, D- gate 

pulses, f- switching frequency of switch-1, iL- instantaneous 

inductor current, IL- average value of iL, ΔiL- ripple in iL, Ipk1- 

peak value of iL for CCM operation, Ipk2- peak value of iL for 

DCM operation, Vin– average input voltage, iC- instantaneous 

capacitor current, Vo- average output voltage, and vo- 

instantaneous output voltage. By neglecting effective series 

resistance (ESR) of capacitor, Vc = Vo. 

 
 

Figure 1: Typical switched boost converter circuit 
 

The state-space equation is developed using the following 

definitions for a CCM-DCM operated switched boost converter. 

The input voltage is considered as a constant voltage unlike 

considered as a control input in most of works [4, 14, 23]. 
 

Let X ∈ Rn be continuous state and k takes values in finite set 

𝐾 ≜ {1, . . . , 𝑁} and is discrete state.  k ∈ K represents the on/off 

configuration of MOSFET and diode. For each k ∈ K, 

continuous dynamics is modeled by the differential equation as 

below: 
 

( ) ( )
k k

x t A x t B 
 

(1) 

 

Where x ∈ X is state vector, Ak ∈ R n×n is system matrix and Bk 

∈ R n×1 . 
 

The switched system is a special class of hybrid system [26] and 

mathematically switched dynamical systems can be described 

by [27], 
 

   
 ( ) ( )x t x tf

  
(2) 

 

Where σ is taking values from index set 𝑀 ≜ {1, . . . , 𝑚} and m 

represents the number subsystems. 
 

A hybrid automaton [28] can be defined by tuple H={K, X, F, 

I, E, g, TG} which has following components, 
 

 K={k1,k2,k3} is finite set of topologies. 
 

 A state is defined by F:(K×X) → R n. 
 

 I:K→ 2X is a mapping that assigns an invariant set Ik ⊆ X  for 

each topology k ∈ K. 
 

 E ⊆ (K×K) is a set of feasible discrete transitions (or events) 

allowed among the topologies, such that an element eij = 

(ki,kj) ∈ E implies that a discrete transition from ith topology 

to jth topology is allowed. 
 

 g:E→TG is guard function such that eij∈ E  to corresponding 

to guard g(eij) ∈ TG. 
 

 TG:E→ 2X is transition guard such that for each eij∈ E; ∃ 

g(eij) ∈ TG. 

 

░ Table 1: Possible discrete state in switched boost 

Converter 
 

Discrete state Switch-1 Switch-2 

1
k  ON OFF 

2
k  OFF ON 

3
k  OFF OFF 

4
k  ON ON 

 

 
(a) 
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(b) 

 

 
(c) 

 

Figure 2:  Switched boost converter circuit in different discrete states 

(a) Mode-k1 (b) Mode- k2 (c) Mode- k3 

 

As there are two switches present in the circuit, 2n discrete states 

are possible. Thus, the second order switched boost converter 

has four discrete states as mentioned in table-1, and the 

corresponding circuit for each state is shown in figure 2. 
 

Among these states, k4 is not practicable. Then, K = {k1, k2, k3} 

are possible discrete state, whereas E = [(k1, k2), (k2, k1), (k2, k3), 

(k3, k1)] are likely events. Out of these, {(k1, k2), (k2, k1)} 

corresponds to CCM operation and {(k1, k2), (k2, k3), (k3, k1)} 

corresponds to DCM operation of the switched boost converter. 

░ Table 2: System state matrices corresponding to operating 

modes 
 

Operating Mode (ki) Ai Bi 

k1 

 
 
 
  

0 0

1
0

RC

 

 
 
 
  0

in
V

L  

k2     

 
 

 
 
  

1
0

1 1
L

C RC

 

 
 
 
  0

in
V

L  

 k3     

 
 
 
  

0 0

1
0

RC

 
 
 
 

0

0
 

 

In figure 1, iL and vo are the system state variables. It brings 

three state equations corresponding to Ki = (i = 1, 2, 3) as shown 

in table 2. 
 

 
 

Figure 3: The behavior of components in switched boost converter 
 

The switched boost converter exhibits both continuous and discrete behavior because the circuit comprises passive components and 

switches, as shown in figure 3. So, a hybrid automaton can represent it as shown in figure 4. H1 and H2 represents discrete and 

continuous transitions, respectively. While H1 depends on the continuous signal x from H2, H2 accepts the discrete value σ ∈ Σ from 

H1 and the continuous state x grows accordingly. 
 

 
 

Figure 4: Hybrid automaton representation of switched boost converter shown as an interaction of continuous and discrete transitions 
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Figure 5: Hybrid control scheme for switched boost converter in the 

closed-loop 
 

░ 3. BOUNDARY BASED HYBRID 

CONTROLLER DESIGN  
A boundary-based control scheme is presented with simple and 

nominal mathematical computations. As there are three modes 

present, three transition guards named TG12, TG23 and TG31 

considered here to control switching between three modes as 

shown in figure 4. The selection of proper transition guards 

makes sure that the state trajectories kept within the limit. The 

only difference between CCM and DCM operations is, TG31 is 

not declared in CCM. The proposed controller architecture is 

hybrid by using PWM and PFM control schemes for CCM and 

DCM operations, respectively. Figure 5 shows the resulting 

closed-loop hybrid control scheme. 
 

3.1 PWM Controller Design for CCM Operation  

Approximated waveforms of inductor current and output 

voltage of the switched boost converter operating in CCM is 

shown in figure 6. 
 

Here, transition guards need to be selected such that fixed 

frequency PWM control scheme is implemented. 
 

 
 

Figure 6: Approximated waveforms of state variables in CCM 
 

 
 

Figure 7: Approximated waveforms of state variables in DCM 

 

At steady state, the average output voltage for boost converter 

can be written as, 
 

1
in

o

V
V

D


  
(3) 

 

During mode-k1, input voltage Vin appears across the inductor, 

which causes a change in inductor current. The change in iL 

during this time (Δt =D1T) is written as; 
 






2
inL
Vi

t L  
(4) 

 

By using (3) and (4), the ripple current is calculated as below: 
 


 

( )

2
in o in

L

o

V V V
i

LfV
 

(5) 

 

The average inductor current - IL can be derived by equating 

input and output power as below: 
 

0in L o
V I V I  

 
(6) 

 

The IL is derived from (6) as follows: 
 



2

o
L

in

V
I

RV
 

(7) 

 

From figure 6, peak inductor current during CCM operation can 

be given as; 
 

 
1pk L L

I I i
 

(8) 

 

From eq. (8), peak current of the inductor depends on line and 

load conditions and it is considered as TG12: iL ≥ Ipk1 to control 

transition from mode-k1 to mode-k2. The transition from mode-

k2 to mode-k1 is determined by TG21: t ≥ T, where T is the time 

period. 
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3.2 Supervisor (CCM/DCM Detector) 
Here, the supervisor must be designed to distinguish the CCM 

and DCM operations. While the inductor current is invariably 

greater than zero in CCM operation, it becomes zero for a short 

period of time in DCM operation. The latter condition occurs 

when the ripple current of inductor is higher than average 

inductor current. Thus, different operating modes are 

summarized as; IL > ∆iL ⇒ CCM operation, IL < ∆iL ⇒ DCM 

operation and IL = ∆iL ⇒ CrCM operation. 

 

3.3 PFM Controller Design for DCM Operation  
At light load condition, the inductor drains its total energy 

before the completion of switching cycle is called DCM 

operation. Figure 7 shows approximated inductor current and 

output voltage waveforms for DCM operation. 
 

From volt-sec balance, the D2 is calculated as follows: 
 




1
2

o

o in

D V
D

V V
 

(9) 

 

During D2 T time, the average load current is the current passing 

through the diode and it can be expressed as; 
 

1 2

2
in o
V D D V

Lf R
 

(10) 

 

We get the quadratic equation by using eq. (9) and (10) as 

below: 
 

  

2 2
2 1 0

2
in

o o in

V D R
V V V

Lf
 

(11) 

 

By rearranging the feasible solution of quadratic equation (11), 

D1 is written as follows: 
 




1

2 ( )1 o o in

in

V V V Lf
D

V R
 

(12) 

 

From eq. (12) and figure 7, the peak current of inductor for 

DCM operation is calculated as follows: 
 




2

2 ( )
o o in

pk

V V V
I

RLf
 

(13) 

 

Thus, the peak current as per eq. (13) determine the transition 

from mode-k1 to mode-k2. The transition from mode-k2 to 

mode-k3 is natural, and output voltage swing is considered for 

transition from mode-k3 to mode-k1. Thus, the transition guards 

for DCM operation are TG12: iL ≥ Ipk2, TG23: iL = 0 and TG31: vo 

= Vo. 
 




2
o in

o

V V
f

v RC
 

(14) 

 

 

░ 4. SIMULATION RESULTS AND 

DISCUSSION 
The simulation of proposed hybrid control scheme is 

implemented in MATLAB. The nominal parameters are Vin = 

15 V, L =100 μH, C = 80 μF, R = 20 Ω, and Vo = 30 V. Figure 

8 shows the flow chart for the proposed scheme. The potency 

of the suggested control scheme is given by substantial amount 

of line and load variations as shown in figure 9. Table 3 shows 

duty cycle (D), percentage of peak overshoot (%Mp), and 

settling time (Ts) during different line, load and set-point 

changes. Detailed results are discussed in following 

subsections. 

 

 
 

Figure 8: Flow chart of boundary-based hybrid control algorithm for 

switched boost converter 
 

░ Table 3: D, Mp, and Ts during line, load and set-point 

variations 

S. 

No. 

Time 

span  

(ms) 

R 

(Ω) 

Vin 

(V) 

Vref 

(V) 

D 

(%) 

Mp 

(%) 

Ts 

(ms) 

1 [0-3) 20 15 30 [0-46.4) 0 2.5 

2 [3-4) 20 17 30 [46.4-44.5) 0 0 

3 [4-6) 30 17 30 [44.5-43.8) 0.6 0.1 

4 [6-10) 30 17 32 [43.8-46.9) 0 3.5 

5 [10-12) 37.7 17 32 [46.9-47.1) 0.4 0 

6 [12-13) 100 17 32 [47.1-28.8) 1 0 

7 [13-15) 100 17 30 [28.8-16.8) 0 0.6 

8 [15-17) 500 15 30 [16.8-9.7) 0 0 

9 [17-21) 1000 15 30 [9.7-6.5) 0 0 

10 [21-25) 37.7 15 30 [6.5-4.9) 0.6 1 
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Figure 9: Simulation results: variations in (a) load resistance, (b) 

inductor current, (c) input voltage (red), reference voltage (blue) and 

output voltage (pink) 
 

4.1 CCM Operation  
Simulation is initiated at t = 0 with Vin = 15 V, R = 20 Ω, Vref = 

30 V, and 25 kHz switching frequency. At the turned-on instant, 

the output voltage of the switched boost converter quickly 

tracks set-point with no overshoot. The overall disturbances and 

results during the CCM operation are summarized below. 

 The line voltage variation is given at t = 3ms from Vin = 15 

V to 17 V. Figure 10(a) shows corresponding iL and vo, and 

no overshoot is observed in output voltage waveform. 

 The load variation from R = 20 Ω to 30 Ω is given at t = 4 

ms, and figure 10(b) shows the corresponding iL and vo 

waveforms. The output voltage fast settles to the desired 

value with negligible overshoot. 

 To test the voltage tracking capability of the controller in 

CCM operation, set-point change from Vref = 30 V to 32 V 

is given at t = 6ms. Corresponding variations of state 

variables are shown in figure 10(c). The output voltage 

settles to a new set-point within 4ms. 
 

Abruptly load is decreased to R = 37.7 Ω from 1000 Ω at t = 

21ms to check the effectiveness of control scheme when 

switching from DCM to CCM operation. Even in this worst-

incident, output voltage is restrained, as shown in figure 10(d). 
 

 
(a) 

 
(b) 

 

 
(c) 

 

 
(d) 

Figure 10: State variables transients during disturbances in CCM (a) 

For step-up change in Vin from 15 V to 17 V at t=3ms (b) For step-up 

change in R from 20 Ω to 30 Ω at t=4ms (c) For step-up change in 

set-point (Vref) from 30 V to 32 V at t=6ms (d) For step-down change 

in R from 1000 Ω to 37.7 Ω at t=21ms. 
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4.2 CrCM Operation  
Because of line and load fluctuations, if inductor current just 

becomes zero, and instantly rises again is called CrCM 

operation, also cited as boundary conduction mode (BCM) [7]. 

Figure 11 shows state variables waveforms for step change in 

load from R = 30 Ω to 37.7 Ω at t = 10ms. Output voltage 

variation is not apparent with approximately zero steady-state 

error, and it does not struggle to track reference voltage. 
 

 
 

Figure 11: Variation of iL and Vo for step change in R from 30 Ω to 

37.7 Ω at t = 10ms causing the CrCM operation 
 

4.3 DCM Operation  

A frequency of 10 kHz is selected to diminish losses during 

DCM operation. The disturbances during DCM operation are 

summarized below. 

 At t = 12ms, abruptly load resistance is raised to R = 100 Ω 

from 37.7 Ω, which results in perfect DCM operation. The 

corresponding waveforms of iL and vo are shown in figure 

12(a). 

 A negative set-point change from Vref = 32 V to 30 V is given 

at t = 13ms to study the voltage tracking capability of the 

controller in DCM operation as well. Figure 12(b) shows, 

for nearly 1ms inductor current is not present, and the 

capacitor is providing energy to the load during this time. 

As output voltage is higher than reference voltage, switch-1 

(MOSFET) is OFF, and the switch-2 (diode) blocks the 

back-flow of current. 

 The reliability and robustness of the controller is further 

explored by the simultaneously changing line and load 

conditions. At t = 15ms, while load is increased from R = 

100 Ω to 500 Ω, input voltage is decreased from Vin = 17 V 

to 15 V. Even in this condition, the output is under control, 

and no over or undershoot is evident as shown in figure 

12(c). 
 

Load is further increased to R = 1000 Ω from 500 Ω at t = 17ms, 

and the controller effectively tracks the output voltage as shown 

in figure 12(d). 
 

 
(a) 

 

 
(b) 

 

 
(c) 
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(d) 

Figure 12: State variables transients during disturbances in DCM (a) 

For step change in R from 37.7 Ω to 100 Ω at t=12ms (b) For step-

down change in set-point (Vref ) from 32 V to 30 V at t=13ms (c) For 

simultaneous step-up change in R from 100 Ω to 500 Ω and step-

down change in Vin from 17 V to 15 V at t=15ms (d) For step-up 

change in R from 500 Ω to 1000 Ω at t=17ms 
 

░ 5. CONCLUSION 
This paper presents a boundary-based hybrid control algorithm 

for the switched boost converter with simple and minimum 

mathematical calculations. The switched boost converter is 

represented by hybrid automaton working in three modes, and 

the transition guards are selected for switching among these 

modes. The circuit-level simulation of proposed control scheme 

is verified using MATLAB. Discrete transitions are 

implemented using state flow chart feature of MATLAB. 

Various positive and negative step changes in disturbances are 

given during CCM as well as in DCM operations. The transient 

and steady state output voltage responses are found satisfactory 

under disturbances and reference voltage variations. The 

proposed control scheme handles CrCM operation effectively, 

and output voltage variations are not found. Although, here only 

boost converter is considered, the scheme can be extended to 

other DC-DC converters, such as buck, buck-boost. 
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