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Abstract
Switched-Mode Power Supplies (SMPS) are the backbone of modern power
electronics due to their efficiency, compactness, and versatility. This paper
presents an in-depth exploration of dynamic modeling techniques for SMPS,
emphasizing mathematical formulations, linear and nonlinear system
representations, state-space averaging, and frequency-domain analyses. The
goal is to provide researchers and practitioners with a comprehensive
reference that covers theoretical foundations, practical modeling strategies,
and simulation insights. Tables and figures are used to distill complex
concepts into digestible formats. The paper also discusses control strategies,
stability considerations, and design optimization methods. Finally, future
research directions and challenges in modeling modern SMPS topologies are

presented.
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1. Introduction

In the era of renewable energy systems, electric vehicles, advanced computing, and
telecommunication infrastructure, Switched-Mode Power Supplies (SMPS) have established
themselves as indispensable components. SMPS convert electrical power efficiently by
rapidly switching power semiconductor devices, then filtering and regulating the output to
deliver a stable DC voltage. The dynamic behavior of these converters — their response to
load changes, input fluctuations, and control adjustments — is of paramount importance to
performance, stability, and reliability.

Dynamic modeling provides the mathematical backbone that allows engineers to predict and
tailor SMPS behavior. This paper elaborates on modeling strategies from first principles,
discusses linear and nonlinear representations, and highlights methods for controller design.
Through detailed analysis and tables that summarize key relationships, we present both

foundational and advanced concepts relevant to academia and industry.

2. Overview of Switched-Mode Power Supplies
Switched-Mode Power Supplies operate by switching energy stored in inductors and
capacitors using high-speed semiconductor devices (e.g., MOSFETs, IGBTs). The common
SMPS topologies include:

¢ Buck Converter (Step-Down)

e Boost Converter (Step-Up)

e Buck-Boost Converter

e Cuk Converter

¢ SEPIC (Single-Ended Primary Inductor Converter)
These topologies differ in how they transfer energy and regulate output voltage, but they

share the characteristic of switching between discrete states that complicate dynamic analysis.

3. Mathematical Foundations of Dynamic Modeling

Dynamic models describe how state variables — typically inductor current and capacitor
voltage — evolve with time under switching operations. The fundamental equations are
derived from the laws of electromagnetism (Kirchhoff’s Voltage and Current Laws) and

expressed in state-space form:
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X (t)=Ax(t)+Bu(t)\mathbf{\dot{x} } (t)=A\mathbf{x} (t)+B\mathbf{u}(t)x (t)=Ax(t)+Bu(t)
y(t)=Cx(t)*+Du(t)\mathbf{y} (t)=C\mathbf{x} (t)+D\mathbf{u} (t)y(t)=Cx(t)+Du(t)

where

x\mathbf{x}x = state vector,
u\mathbf{u}u = input vector,
y\mathbf{y}y = output vector,

A,B,C,DA, B, C, DA,B,C,D = system matrices dependent on SMPS topology and operating

conditions.

3.1 State-Space Averaging

State-space averaging simplifies the analysis by averaging the converter equations over a

switching period, TsT sTs:

A™=DA1+(1-D)A2\bar{A}=D Al + (1-D)A_2A™=DAI1+(1-D)A2
B™=DB1+(1-D)B2\bar{B}=D B_1 + (1-D)B_2B™=DB1+(1-D)B2
Here A1,B1A 1, B 1A1,B1 and A2,B2A 2, B 2A2,B2 correspond to the matrices when the

switch is ON and OFF, respectively, and DDD is the duty cycle.
4. Small-Signal Modeling
Small-signal modeling linearizes system equations about a steady operating point. This

approach is essential for frequency-domain analysis and control design.

4.1 Linearized State Equations

Let x=X+x"u=U+tuMy=Y+y*x = X + \hat{x}, u U + \hat{u}, y = Y +
\hat{y}x=X+x",u=U+u",y=Y+y”, where uppercase denotes steady-state and hat denotes

small perturbations. The linearized dynamics are:

x M)=Ax"(t)+But(t)\hat{\dot{x} }(t) = A\hat{x}(t) + B\hat{u}(t)x (t)=Ax"(t)+Bu’\(t)
yA(t)=Cx*(t)+Du”(t)\hat{y}(t) = C\hat{x }(t) + D\hat{u}(t)y"(t)=Cx"(t)+Du”(t)
These linear systems are used to extract transfer functions such as:

Gvd(s)=v"o(s)d"(s)G_{vd}(s)=\frac{\hat{v} {o}(s)}{\hat{d}(s)}Gvd(s)=d"(s)v"o(s)
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which relates output voltage perturbations v”~o(s)\hat{v} {o}(s)v*o(s) to duty-cycle
perturbations d”(s)\hat{d}(s)d"(s).

5. Frequency-Domain Analysis and Control Implications

Frequency-domain models enable stability analysis and controller synthesis. A typical SMPS

control loop involves an error amplifier, a PWM modulator, and a power stage that is

described by a transfer function such as Gvd(s)G_{vd}(s)Gvd(s).

Frequency Range Dominant Behavior Control Implication
Low (<100 Hz) DC gains, steady regulation || Determines low-frequency accuracy
Mid (100 Hz-10 kHz) Pole-zero interactions Crucial for stability margins
High (>10 kHz) Switching ripple effects Limits control bandwidth

Table 1: Frequency ranges and their roles in SMPS control design.

In a typical voltage-mode controlled buck converter, the power stage exhibits a double-pole

at the LC resonant frequency and a right-half plane zero in boost topologies.

6. Nonlinear Modeling and Time-Domain Simulation

While linearized models are invaluable for controller design, nonlinear models capture
phenomena like saturation, dead-time effects, and large perturbations more accurately.
Numerical simulators such as MATLAB/Simulink and PLECS use nonlinear state equations
to simulate time-domain behavior. For example, a buck converter’s inductor and capacitor
equations are:

LdiLdt=VinD—voL\frac{di_{L}} {dt} = V_{in}D - v_{o}LdtdiL=VinD—vo
Cdvodt=iL—voRC\frac{dv_{o}}{dt} =1 {L}-\frac{v_{o}}{R}Cdtdvo=iL—Rvo

These equations are updated each switching cycle to reproduce realistic waveforms.

Model Type Strength Limitation
Linearized - . ) ) .
) Facilitates controller design Valid near operating point
(small-signal)
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Model Type Strength Limitation
) Captures real large-signal Complex for analytical control
Nonlinear . .
behavior design

Table 2: Comparison of modeling strategies.
7. Case Study: Buck Converter Dynamic Response
This section illustrates the modeling workflow for a buck converter designed to regulate 12 V
downto 5 Vat2A.

Using state-space averaging, we obtain the averaged model matrices:

A™=[0—1L1C—-1RC]\bar{A} = \begin{bmatrix} 0 & -\frac{l}{L} \\ \frac{1}{C} & -
\frac{1} {RC} \end{bmatrix}A"™=[0CI1-L1-RC1] B™=[VinLO]\bar{B} = \begin{bmatrix}
\frac{V_{in}}{L} \\ 0 \end{bmatrix} B™=[LVin0]

The small-signal transfer function Gvd(s)G_{vd}(s)Gvd(s) is:
Gvd(s)=Vin(1-sLR)LCs2+Ls/R+1G_{vd}(s)=\frac{V_{in}(1 - s\frac{L}{R})}{L C s"2 + L
s/R + 1}Gvd(s)=LCs2+Ls/R+1Vin(1-sRL)

The Bode plot of this transfer function reveals a double-pole around the LC resonant

frequency, necessitating compensation (e.g., type-11I network) for adequate phase margin.

8. Modeling Real-World Nonidealities
8.1 Semiconductor and Passive Losses
Practical converters suffer from:
e MOSFET gate charge and on-resistance
* Diode forward drop and reverse recovery
* Inductor core losses and winding resistance
e Capacitor Equivalent Series Resistance (ESR)
These factors introduce additional poles and zeros that must be included in refined models for

accuracy (Middlebrook & Cuk, 1976, p. 123).

8.2 Parasitic Effects
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Parasitic inductances and capacitances modify dynamic responses, especially at high
switching frequencies. Accurate modeling requires inclusion of these in the state equations or

through equivalent circuits.

9. Controller Design and Optimization
Dynamic models guide the design of controllers such as:
¢ Voltage-Mode Control
e Current-Mode Control
e Hysteresis Control
e Digital Control Strategies
For example, in current-mode control, the inner current loop alters the effective dynamics by
introducing a controlled pole at half the switching frequency and improving line-regulation

performance (Erickson & Maksimovic, 2001, p. 240).

10. Challenges and Future Research Directions
Despite extensive literature and practical success, several challenges persist in SMPS
modeling:
1. High-Frequency Effects: At switching frequencies in the MHz range, distributed
elements and electromagnetic interference complicate accurate modeling.
2. Wide-Bandgap Devices: SiC and GaN devices operate at higher speeds with distinct
nonlinear characteristics that challenge conventional models.
3. Digital Control: Quantization, sampling delay, and computational limitations in
digital controllers must be integrated into dynamic models (Oliva et al., 2018, p. 89).
4. Machine Learning Integration: Emerging research explores data-driven models for

adaptive control (Singh & Kumar, 2023, p. 57).

11. Conclusion

Dynamic modeling is the cornerstone of SMPS design, analysis, and control. Through
state-space averaging, small-signal analysis, and nonlinear simulation, engineers gain insights
into stability, performance, and robustness. This paper has surveyed essential techniques,
compared methods, and highlighted future research frontiers. Integrated modeling and control
approaches will continue to evolve, especially as power electronics venture into higher

frequencies and tighter performance boundaries.
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