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Abstract: For pulse-width modulated (PWM) DC-DC converters, the input voltage fluctuation and load variation in practical 

applications make it necessary for them to have better dynamic performance to meet the regulation requirements of the system. The 

dynamic-performance-improvement method for PWM DC-DC converters is mainly based on indirect dynamic performance indices, 

such as the gain margin and phase margin. However, both settling time and overshoot in the time domain are important in practical 

engineering. This makes it difficult for designers to obtain a clear understanding of the time-domain dynamic performance that can be 

achieved with improved control. In this study, a direct analysis of the time-domain dynamic characteristic of PWM DC-DC converters 

is performed. A dynamic-performance-improvement method based on eigenvalues and eigenvector sensitivity (E2S-based DPIM) is 

proposed to directly improve the time-domain dynamic performance index of PWM DC-DC converters. By considering a boost 

converter with proportional-integral control as an example, an additional virtual inductor current feedback control was designed using 

the proposed dynamic-performance-improvement method. Simulation and experimental results verify the validity and accuracy of the 

proposed dynamic-performance-improvement method. 

Keywords: PWM DC-DC converter, time-domain dynamic-performance-improvement method, eigenvalue and eigenvector 
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1  Introduction1 

DC-DC converters are indispensable in consumer 
electronics, aircraft electrical power supplements, and 
other engineering applications. In a digital still camera, 
the motor driver of the camera lens is generally supplied 
by a 4.5-5 V voltage output from the boost converter. To 
ensure fast and accurate focusing of the lens, the 
peak-to-peak value of the transient overshoot of the motor 
driver supply voltage must be within 4%-5% of the rated 
value [1]. For a 28-V DC supply system of military aircraft 
power systems (as required in MIL-STD-704F [2]), the 
DC-DC converter output voltage overshoot and 
undershoot are required to be reduced to 1 V and −6 V 
within 82.5 ms and 100 ms, respectively, after a change in 
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transient system conditions. It can be seen that, in the 
practical engineering application, there are clear 
time-domain dynamic performance index requirements 
for DC-DC converters. 

A variety of dynamic-performance-improvement 
methods and controls have been proposed for 
pulse-width modulation (PWM) DC-DC converters. 
With the cutoff frequency and bandwidth in the 
frequency domain as the dynamic-performance- 
improvement objectives, Bode diagram analysis can 
be used to design dynamic-performance-improvement 
controls. Several dynamic-performance-improvement 
controls for PWM DC-DC converters have been 
proposed using the frequency-domain method to 
improve the dynamic performance index in the 
frequency domain; these include three-controller 
robust average current control [3] and current 
feedforward average current control [4]. Although these 
controls can improve the dynamic performance of the 
PWM DC-DC converter, they are not designed to 
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improve the settling time and overshoot index in the 
time domain, which are the most important factors in 
practical applications. This makes it difficult for 
designers to gain a clear understanding of the 
time-domain dynamic performance index that can be 
achieved by improved control. Of course, there are 
also controls based on the time-domain modeling of 
PWM DC-DC converters that enable the design of 
time-domain dynamic performance indices, such as 
settling time or overshoot. With the least linear 
quadratic function as the control objective [5-6], a linear 
quadratic regulator (LQR) can be applied to improve 
the dynamic performance of a PWM DC-DC converter. 
A linear quadratic function can be composed of 
different combinations of system state variables. 
Therefore, different optimal control objectives can be 
achieved by implementing linear feedback on all the 
state variables of the system [7]. For example, in 
Ref. [8], the loss characteristics of a boost converter 
under a step perturbation were used as a linear 
quadratic objective function, which enabled the boost 
converter to have optimal loss characteristics during a 
dynamic process. Although an LQR can also be 
designed to improve the time-domain dynamic 
performance by incorporating settling time and 
overshoot into the linear quadratic function, it requires 
full-state feedback, which increases the complexity of 
the control system. Other control methods based on 
discrete control, such as deadbeat control [9-10], adjust 
the duty cycle based on the principle that the 
controlled variable of the next digital control cycle 
should be equal to the reference value. Deadbeat 
control can theoretically achieve a dynamic adjustment 
of the converter within a limited number of steps in 
digital control. However, because it ignores the 
continuous circuit characteristics of the PWM DC-DC 
converter in each switching mode, the overshoot of the 
system output cannot be predicted. In fact, when 
deadbeat control is used, the output of the converter 
still requires a certain settling time to reach a new 
steady state during a dynamic process, and the 
converter still has a certain overshoot [11]. Similar to 
LQR control, deadbeat control also requires full-state 
feedback as well as the prediction of the system state 
variable in the next cycle. Other nonlinear control 
methods, such as geometric control, can use 

phase-plane analysis to design the settling time of the 
PWM DC-DC converter with high precision [12-15]. In 
Ref. [16], a centric control method that fixed the duty 
cycle during a dynamic process was proposed. 
Through a phase-plane analysis, the duty cycle that 
enables the converter to converge from the initial state 
to the new steady state can be calculated. The settling 
time, which can be achieved by centric control, can be 
precisely designed using the phase-plane method. 
However, the overshoot of the DC-DC converter 
cannot be designed. At the same time, as the phase 
plane can only show the trajectory formed by two state 
variables, when the system order increases and the 
number of state variables to be considered increases, 
the nonlinear geometric control fails. 

Although these new controls, based on the 
time-domain model of the converter, can, to some 
extent, achieve the design of the time-domain dynamic 
performance of the PWM DC-DC converter, they 
cannot improve the time-domain dynamic 
performance based on the existing stable control of the 
system. This prevents engineers from quickly 
improving the control system of the PWM DC-DC 
converter to meet the specified requirements for 
settling time and overshoot. Therefore, improving the 
control of the PWM DC-DC converter based on the 
existing traditional linear stable control system, such 
as proportional-integral (PI) or proportional-integral- 
derivative control, to enhance its dynamic 
performance would be more attractive to engineers 
than adopting a completely new control. In this study, 
a time-domain dynamic-performance-improvement 
method for PWM DC-DC converters to directly 
improve the time-domain dynamic performance index 
is proposed. The proposed dynamic-performance- 
improvement method can generate a simple improved 
control that satisfies the required time-domain 
dynamic performance index based on simple PI or 
proportional-integral-derivative control. 

The remainder of this paper is organized as follows. 
First, the time-domain dynamic characteristics of the 
PWM DC-DC converter are quantitatively modeled. In 
Section 3, the proposed time-domain dynamic- 
performance-improvement method based on 
eigenvalues and eigenvector sensitivity (E2S-based 
DPIM) is introduced in detail. This section introduces 
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a method for generating improved controls without the 
need for additional sampling. In Section 4, using a 
boost converter with PI control as an example, the 
proposed dynamic-performance-improvement method 
is applied to generate an improved control system that 
can improve the time-domain dynamic performance of 
the original closed-loop control system. The improved 
control enables the boost converter to satisfy the 
specified settling time and overshoot requirements 
when the output voltage reference undergoes a step 
change. Finally, the correctness of the proposed 
time-domain dynamic-performance-improvement method 
based on power simulation (PSIM) and experiments is 
verified in Section 5. The time-domain dynamic 
performance improvement of the boost converter with 
improved control is also examined. Finally, 
conclusions are presented in Section 6. 

2    Modeling the time-domain dynamic 
characteristics of the PWM DC-DC converter 

Unlike other methods in which completely new 
controls are designed to achieve time-domain dynamic 
performance, the proposed dynamic-performance- 
improvement method directly improves the existing 
control of the converter to enhance its time-domain 
dynamic performance. Therefore, considering the 
impact of the existing control of the converter requires 
first establishing a time-domain model of the dynamic 
characteristics of the PWM DC-DC converter under 
closed-loop control. 

2.1  Perturbated dynamic response modeling 

A PWM DC-DC converter without any closed-loop control 
can always be modeled using the following open-loop 
state-space equation obtained through state-space averaging 
and small-signal linearization methods 

 
op op op

op op

= +⎧⎪
⎨
⎪⎩

�x A x B u + E

y = C x + D u
 (1) 

where x is an n0-dimensional state variable vector of 
the linearized system of the PWM DC-DC converter in 
open-loop operation; u is the input vector of the 
system, which is generally the duty cycle signal [17] or 
phase-shift signal [18] in the PWM DC-DC converter; 
and y is the output vector of the converter, which is 
generally the output voltage of the PWM DC-DC 

converter. Aop, Bop, Cop, Dop and Eop respectively 
represents the Jacobian matrix, input matrix, output 
matrix transmission matrix and perturbation matrix of 
the open loop system. When a continuous controller 
for closed-loop control is adopted for the PWM 
DC-DC converter, the closed-loop PWM DC-DC 
converter system can also be linearized as the 
following augmented state-space equations 

 
c

cl cl

cl

cl cl

l

=⎧
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x A x + E
y = C x
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 (2) 

In the closed-loop state-space equation, xcl is an 
n-dimensional column vector, and the order n-n0 added to 
the open-loop state-space equation corresponds to the order 
of the closed-loop continuous controller. Matrix Acl is the 
Jacobian matrix of the closed-loop PWM DC-DC converter, 
and the distribution of its eigenvalues reflects the 
small-signal stability of the closed-loop control system [19-20]. 
When the input voltage, load, and reference commands of 
the PWM DC-DC converter undergo a step change, the 
output voltage vo(t) of the PWM DC-DC converter under 
closed-loop control undergoes a perturbed dynamic process, 
as shown in Fig. 1. 

 

Fig. 1  DC-DC converter dynamic process output voltage 

In Fig. 1, the settling time of the closed-loop control 
system, ts, is defined as the time from the moment when 
the disturbance occurs to the time when the output of the 
system enters the specified error band. The overshoot 
Δvomax is defined as the maximum output value of the 
system during the time period from 0 to ts. In a DC-DC 
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converter, the size of the error band is generally chosen as 
half the peak-to-peak value of the output voltage ripple. 
The dynamic process of the linearized closed-loop PWM 
DC-DC converter described by Eq. (2) can be 
transformed into a zero-input response of a linear system. 
As shown in Fig. 2, the initial value of the zero-input 
response x0 is the difference between the steady-state 
values X1 and X2 of the DC-DC converter before and after 
the disturbance, respectively. 

 

Fig. 2  Equivalence between the DC-DC converter dynamic process 

during load switching and the zero-input response of a linear system 

The zero-input response of a linear system can be 
succinctly expressed as Δx(t) = exp(At)x0 using matrix 
exponential notation [21]. Matrix exponential exp(At) can 
be further diagonalized using the eigenvalue 
decomposition method. At this point, the zero-input 
response of the linear system, that is, the dynamic process 
of the output of the closed-loop control system, can be 
represented by the eigenvalues and eigenvectors of the 
closed-loop Jacobian matrix Acl, given by [22]  

 1
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where λi is the ith eigenvalue of the closed-loop 
Jacobian matrix Acl, and φi and ψi

T are the right and 
left eigenvectors corresponding to the ith eigenvalue 
of Acl, respectively. Furthermore, by assuming that the 
Jacobian matrix of the closed-loop system has m 
complex eigenvalues and n-m real eigenvalues, the 
closed-loop control system output represented by Eq. 
(3) can be transformed into the following damped 
sinusoidal oscillation using the Euler formula 

 
(4)

 

where σi and ωi are, respectively, the real and imaginary 
parts of the complex eigenvalue λi. According to Eq. (4), 
each ith sinusoidal damped oscillation formed by an 
eigenvalue is defined as a subdynamic response, and the 
corresponding coefficient Ki is defined as the 
subdynamic coefficient. By using the eigenvalue 
decomposition method described in Eq. (4), the dynamic 
process in Fig. 1a can be decomposed into n subdynamic 
responses, as shown in Fig. 3. 

 

Fig. 3  Decomposition of the PWM DC-DC converter dynamic 
process output voltage under a load step change according to 

the eigenvalues 

2.2  Settling time and overshoot analysis 

The dynamic process of a closed-loop PWM DC-DC 
converter with a continuous controller can be 
represented using Eq. (4). Although the expressions in 
Eq. (4) reflect all the information on the dynamic 
process of the DC-DC converter, information on the 
settling time and overshoot is implicit in the equation. 
Therefore, it is necessary to further search for 
variables that can directly reflect the settling time and 
overshoot of closed-loop control systems. 

(1) Settling time analysis. For the settling time, as 
shown in Fig. 1, the time required for the system 
output to enter the error band is the same as the time 
required for the red exponential decay envelope line to 
enter the error band. Therefore, the settling time can be 
calculated using the envelope functions  

1 1
( ) exp( ) exp( )

m

oe

n

i i i i
i i m

s s s oerv t K tt K Vσ σ
= = +

= + =Δ ∑ ∑  (5) 

In Eq. (5), the settling time ts is related only to the 
real part of all eigenvalues of the Jacobian matrix Acl 
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and the subdynamic coefficients Ki. If the distance of 
all eigenvalues in the left half-plane from the 
imaginary axis increases and the moduli of all 
subdynamic coefficients |Ki| decrease, the settling time 
of the closed-loop control system must decrease. 
When the error band limit Voer is small, the influence 
of the modules of the real part of the eigenvalues on 
the settling time is dominant. In this case, the settling 
time decreases by the same multiple as the increase in 
the modulus of the real part of the eigenvalue. 

(2) Overshoot analysis. For complex higher order 
closed-loop control systems, the output voltage 
overshoot cannot be obtained directly by combining 
Eq. (4) with an analytical method. However, the 
overall dynamic response of the closed-loop system 
represented by Eq. (4) is a linear superposition of the 
first- or second-order subdynamic responses formed 
by n eigenvalues, as shown in Fig. 3. Therefore, the 
overshoot of the system as a whole can be 
approximated by analyzing the maximum value of 
each subdynamic response. 

For the first-order subdynamic response formed by 
the real eigenvalues, the maximum value is the 
modulus of the subdynamic coefficient Ki. The 
second-order subdynamic responses formed by the 
complex eigenvalues can be divided into underdamped 
and overdamped states [23]. In the overdamped state, the 
maximum value of the response is also the modulus of 
the subdynamic coefficient. In the underdamped state, 
the maximum value of its response is referred to as the 
peak response yOS, which is given as 

 ( )( )
( )( )

1 2
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1

2

exp π

cos arcta
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n π
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The correction factor k  is limited by the time tOSi > 0 
and is selected to let the second-order subdynamics reach 
the peak response. k  is taken to increase gradually from 
0. When the peak time tOSi > 0, k  is substituted into Eq. 
(6), and the value of yOSi when the calculated yOSi is >0 for 
the first time is the subdynamic peak response. The 
corresponding constraint is  
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>
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The overshoot of the closed-loop control system 

must be reduced when the maximum values of all the 
subdynamic responses are reduced. Furthermore, if a 
subdynamic response with a dominant role can be 
determined, it can be assumed that the maximum value 
of the dominant subdynamic response is the same as 
that of the entire closed-loop control system. 

3     Time-domain dynamic-performance impr- 
ovement method based on eigenvalue and 
eigenvector sensitivity 

A flowchart of the method for improving the 
time-domain dynamic performance of PWM DC-DC 
converters based on eigenvalue and eigenvector 
sensitivity is shown in Fig. 4. The corresponding 
principles for improving the dynamic performance of 
PWM DC-DC converters based on the flowchart in 
Fig. 4, combined with the definitions of various 
sensitivities, are introduced in Sections 3.1 and 3.2. 

 

Fig. 4  Flowchart of the time-domain dynamic-performance- 

improvement method for PWM DC-DC converters based on 

eigenvalue and eigenvector sensitivity (E2S-based DPIM) 
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3.1  Eigenvalue and eigenvector sensitivity 

(1) Eigenvalue sensitivity. For a given linear system, 
the first-order eigenvalue sensitivity of the ith 
eigenvalue λi of its Jacobian matrix Acl to a certain 
parameter b in the matrix can be expressed as  

 
T

T

T

cl

cl
i i

i i i

i i ii i

i

clb
bλ λ

λ

∂
∂ ⎧ ⋅ =∂= ⎨ ⋅ =∂ ⎩

ψ φ ψ
φA

ψ
φ

A
ψ φ

A
 (8) 

where T
iψ  and φi are, respectively, the left and right 

eigenvectors of the ith eigenvalue. Several eigenvalues 
of the closed-loop Jacobian matrix Acl closest to the 
imaginary axis are defined as the dominant 
eigenvalues λs that affect the stability of the 
closed-loop control system. If the real part of the 
sensitivity of the dominant eigenvalues λs to an 
additional parameter b in the matrix is smaller than 0, 
this indicates that, after adding parameter b, the 
dominant eigenvalues affecting stability will move 
away from the imaginary axis. Subsequently, the 
settling time of the closed-loop control system is 
shortened, and stability is enhanced. 

(2) Eigenvector sensitivity. The first-order 
eigenvalue sensitivity of the right eigenvector 
belonging to the ith eigenvalue of the closed-loop 
Jacobian matrix Acl to the parameter b in the matrix [24] 
is defined as 

 ( ) i i cl
cl i ib b b

λ
λ
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⎝ ⎠

E
A

φ A
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Because Eq. (9) is a complex equation, to facilitate the 
calculation, the following method introduced in Ref. 
[25] was used for the right eigenvector calculation 
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For the left eigenvector, the left eigenvector sensitivity 
∂ψi

T/∂b can be calculated by simply replacing all the 
closed-loop Jacobian matrices Acl in Eq. (10) with 
their transpose T

clA and replacing the right eigenvector 

with the transpose ψi of the left eigenvector. 

3.2  Subdynamic coefficient sensitivity and subdynamic 
peak response sensitivity 

To analyze the effect of the additional element b in the 
closed-loop Jacobi matrix on the time-domain 
dynamic performance of the closed-loop control 
system, the sensitivity of the subdynamic coefficients 
and the sensitivity of the peak response are defined. 

Definition 1: Subdynamic peak response sensitivity 
∂yOSi/∂b. The derivative of the damped sinusoidal 
oscillation peak response yOSi to the added perturbation 
element b in the Jacobian matrix Acl is defined as the 
subdynamic peak response sensitivity and can be 
expressed as  

 ( ) 1 2
1 2 2 1
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i i

OSi Ky N NN K N K N
b b
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When the subdynamic peak response sensitivity of 
complex eigenvalues yOSi/∂b is smaller than 0, the 
extra element b in the matrix is beneficial in reducing 
the peak response of the second-order subdynamic 
formed by this complex eigenvalue. 

The further specific derivate expressions are listed 
in the Appendix. 

Definition 2: Subdynamic coefficient sensitivity 
∂Ki/∂b. The derivative of coefficients Ki to b is defined 
as the sensitivity of the subdynamic coefficients.  

Definition 3: Subdynamic coefficient module 
sensitivity ∂|Ki|/∂b. The derivative of the module of 
Ki to b is defined as the subdynamic coefficient of 
the module sensitivity. When the subdynamic 
coefficient module sensitivity ∂|Ki|/∂b of real 
eigenvalues is smaller than 0, the extra element b in 
the matrix is beneficial in reducing the maximum 
value of the subdynamic response formed by this 
real eigenvalue. 

Subdynamic coefficient sensitivity and subdynamic 
module sensitivity can be further expressed by left and 
right eigenvector sensitivity ∂ψi

T/∂b and ∂φi/∂b, 
respectively, of the ith eigenvalue to b. Therefore, the 
subdynamic peak response sensitivity in Eq. (11) can 
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be finally expressed by eigenvalue and eigenvector 
sensitivity. The relationship between the subdynamic 
coefficient module sensitivity and the eigenvalue and 
eigenvector sensitivities is shown in the Appendix. 
Among all the eigenvalues of the closed-loop Jacobian 
matrix, the eigenvalue with a larger modulus of 
subdynamic coefficient or subdynamic peak response is 
defined as the dominant eigenvalue λd that affects the 
dynamic performance of the closed-loop control system. 
If the subdynamic coefficient or subdynamic peak 
response of the dominant eigenvalue λd decreases, the 
overshoot of the closed-loop control system will  
decrease. 

3.3  Generation of dynamic-performance-improvement 
control without additional sampling 

According to the flowchart in Fig. 4, if adding element b 
at a specific location in the matrix can improve the 
dynamic performance of the closed-loop control system 
by sensitivity analysis is confirmed, then further 
improved control can be generated. To avoid additional 
sampling, a control equivalent to adding element b at a 
specific location in the Jacobian matrix can be generated 
by increasing the order of the closed-loop Jacobian 
matrix Acl. A flowchart of the improved control 
generation method is shown in Fig. 5. 

Suppose that the closed-loop Jacobian matrix Aclb 
after adding the extra element b is given by 

 
11 1

1

cl cl n

clb

cln clnn

a a
b

a a

⎡ ⎤
⎢ ⎥= +⎢ ⎥
⎢ ⎥⎣ ⎦

"
" " "

"
A  (12) 

where the number of columns with the extra element b 
is q. 

Furthermore, q rows and q columns are added to the 
original closed-loop Jacobian matrix Acl as 

 ( ) n qcl n n
ccl

q n q q

××

× ×

⎡ ⎤
= ⎢ ⎥
⎢ ⎥⎣ ⎦

A X
A

U G
 (13) 

It should be noted that, in the three added 
submatrices, the columns of submatrix X are the same 
as those containing the extra element b in Aclb. The 
equivalence matrix cclA�  of the augmented 
closed-loop Jacobian matrix can be obtained using a 
similar transformation as 

 
( ) n qclb n n

ccl ccl
n q n q

××

× ×

⎡ ⎤
⎢ ⎥=
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�∼ ��

A X
A A

U G
 (14) 

cclA�  contains the matrix Aclb after adding element b to 
the original system Jacobian matrix, which illustrates 
that the augmented matrix Accl can achieve similar 
improvements in the time-domain dynamic 
performance by adding an element b directly to the 
closed-loop Jacobian matrix Acl. 

 

Fig. 5  Flowchart of an improved control generation method 

equivalent to adding element b to the Jacobian matrix without 

new sampling 

From Fig. 5, by obtaining the open-loop state-space 
equations corresponding to the augmented closed-loop 
Jacobian matrix Accl, a preliminary expression for 
additional dynamic control can be obtained. To avoid 
adding new samples, the state variables or outputs that 
have already been sampled are considered to represent 
the required new state variables. However, if there is 
no clear relationship between the already sampled 
variables and unsampled state variables that must be 
added, only the unsampled state variables can be 
omitted. Because the necessary new sampling is 
directly omitted, the impact of the additional element b 
on the dynamic performance of the closed-loop control 
system must be reconfirmed through a sensitivity 
analysis. After processing the newly added sampling, 
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the parameters of the additional dynamic control can 
be adjusted to make the U�  matrix in cclA�  a zero 
matrix, thereby achieving the same dynamic 
improvement effect as directly adding element b to the 
original closed-loop Jacobian matrix Acl. 

4    Example to improve the time-domain 
dynamic performance of a boost converter 
with PI control using the proposed method 

4.1  Time-domain modeling 

A system block diagram of the boost converter with PI 
control, considering the equivalent series resistance 
(ESR) of the inductor and capacitor, is shown in Fig. 6. 

 

Fig. 6  PI-controlled boost converter with parasitic parameters 

The small-signal linearized state-space equations of 
this closed-loop control system are consistent with Eq. 
(2), where the state variable xcl, the output variable y, 
and the respective matrices are  
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The parameters of the main circuit and controller 

used for the boost converter with PI control in Fig. 6 
are listed in Tab. 1. The ESR of the filter inductor and 
output capacitor were obtained from the datasheets of 
the corresponding inductor and capacitor, respectively. 

Tab. 1  Main circuit and control parameters 

Parameter Value 
Input voltage Vin/V 18 
Output voltage reference Vref/V 24-27 
Inductor L/μH 22 
Output capacitor C/mF 4.08 
Inductor ESR RL/mΩ 3 
Capacitor ESR Resr/mΩ 70 
Load resistor R/Ω 8 
Sample coefficients kH 60.235/223 
Digital control frequency fctl/kHz 200 
Proportion parameter kp 100 
Integrator parameter ki 40 
Expected settling time ts/ms <5 
Expected overshoot Δvo/V <1 

The distribution of the eigenvalues under this 
control parameter can be calculated, as listed in Tab. 2. 
Tab. 2 indicates that, because the complex eigenvalues 
λ1 and λ2 are a factor of 100 closer than the real 
eigenvalues λ3 from the imaginary axis, the dominant 
eigenvalues affecting the stability of the boost 
converter system under PI control are the complex 
eigenvalues λ1 and λ2. 

Tab. 2  Eigenvalue distribution for the boost converter with 

PI control at Vref = 27 V 

λ1,2 λ3 

−64.44 ± j2 836.4 −1 416.3 

The open-loop state-space equations of the boost 
converter with PI control are 
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4.2  Sensitivity analysis 

Because of the absence of zero elements in the 
closed-loop Jacobian matrix Acl, it is only possible to 
derive an actual improved control without affecting the 
characteristics of the main circuit when an entire row 
or column of the matrix contains additional elements b. 
Therefore, we considered adding additional elements b 
to the second column of the closed-loop Jacobian 
matrix. The closed-loop Jacobian matrix Aclb with 
added element b is  
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where elements acl13 and acl23 are, respectively, the 
elements of the third column of the first row and the 
third column of the second row of the original 
closed-loop Jacobian matrix Acl as given in Eq. (16). 
The eigenvalue sensitivity of each eigenvalue of Acl to 
the additional element b was calculated, and results are 
given in Tab. 3. 

Tab. 3  Eigenvalue sensitivity to additional element b = 0.001 

∂λ1,2/∂b ∂λ3/∂b 

−498.55±j252.59 −240.81 

The sensitivities of all eigenvalues in Tab. 3 is <0, 
indicating that all the eigenvalues of the closed-loop 
control system shift away from the imaginary axis 
when an additional element b is added. The stability of 
a boost converter with PI control can be enhanced, 
while the settling time can be reduced. Furthermore, 
the peak response yOS and the coefficients of each 
subdynamic were calculated using Eq. (6) and Eq. (3), 
as presented in Tab. 4. 

Tab. 4  Subdynamic peak response and subdynamic coefficients 

yOS1,2 yOS3 K1,2 K3 

0.8 0 0.87 1.58 

Tab. 4 shows that, although the subdynamic formed 
by λ3 does not constitute damped oscillations, the 
subdynamic coefficients are large. Therefore, all 
eigenvalues are dominant eigenvalues that affect the 
time-domain dynamic performance of the closed-loop 

control system. The sensitivities of the subdynamic 
peak response and subdynamic coefficient module 
were analyzed. The corresponding calculation results 
are listed in Tab. 5. 

Tab. 5  Subdynamic peak response sensitivity and 

subdynamic coefficient module sensitivity 

∂yOS1,2/∂b ∂yOS3/∂b ∂|K1,2|/∂b ∂|K3|/∂b 

−0.39 0 0.16 −0.09 

In Tab. 5, the subdynamic peak response 
sensitivities of complex eigenvalues λ1 and λ2 are <0. 
Moreover, the subdynamic coefficient module 
sensitivity of real eigenvalue λ3 is also <0. This 
indicates that adding element b is beneficial in 
reducing the overshoot of the boost converter with PI 
control. Combining this with the sensitivity analysis 
results for the eigenvalues listed in Tab. 3, it can be 
determined that adding element b to the position in 
Aclb as given in Eq. (18) is beneficial for improving the 
overall time-domain dynamic performance of the 
closed-loop control system. To set the value of the 
additional element b, the settling time and overshoot 
of the closed-loop control system, represented by the 
Jacobian matrix Acl before and after the addition of 
element b, were calculated separately. The error band 
Voeb was set to ±200 mV during the calculation, and 
the corresponding results are listed in Tab. 6. 

Tab. 6  Calculated settling time and overshoot before and 
after b = 0.001 added to the closed-loop Jacobian matrix Acl 

Added element 
Dynamic performance 

Settling time Overshoot 
b = 0 33 ms > 5 ms 1.38 V > 1 V 

b = 0.001 4.7 ms < 5 ms 0.9 V < 1 V 

According to Tab. 6, when the additional element b 
is 0.001, the closed-loop control system represented by 
the Jacobian matrix Aclb can achieve time-domain 
dynamic performance requirements of ts < 5 ms and 
Δvo < 1 V for overshoot. 

4.3  Additional virtual inductor current feedback 
control generated by matrix augmentation 

In this section, the additional dynamic control 
generation method introduced in Section 3.3 is used to 
generate the practical improved control equivalent to 
the system represented by Aclb. First, rows and 
columns were added to the original closed-loop 
Jacobian matrix Acl to obtain the augmented Jacobian 
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matrix Accl, and the newly added state variable was set 
to z. According to Section 3.3, the block matrix form 
of the augmented Jacobian matrix Accl is consistent 
with Eq. (13), where the newly added submatrices X, 
U, and G are expressed, respectively, as 
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where α1, α2, α3, and g1 are the elements to be 
determined in the U and G matrices. The added state 
variable z is fed back into the duty cycle signal d(t). 
The feedback matrix Fc of the augmented system 
based on the small-signal linearization model of the 
boost converter is  
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β
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In a linear system, the closed-loop Jacobian matrix 
Accl after the linear feedback of the state variables can 
be obtained from the linear feedback matrix Fc, 
open-loop Jacobian matrix Acop, and input matrix Bcop

 [26], 
namely, Accl = Acop + BcopFc. Accordingly, the 
open-loop Jacobian matrix Acop of the augmented 
system after additional dynamic control can be 
obtained in reverse as  
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  (22) 
By setting the pending coefficient β = α3, the 

open-loop expression of the additional dynamic 
control can be obtained from Eq. (22) as 

( ) ( ) ( ) ( ) ( ) ( )1 2 3 31c Lt v t i t gz d tb z tα α α α= + + + +�  (23) 

In the additional dynamic control represented by Eq. 

(23), it is necessary to incorporate the unsampled 
inductor current information. To avoid additional 
sampling, the output voltage obtained from sampling 
must be used to represent the inductor current as 
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Substituting Eq. (24) into Eq. (23) yields the 
following additional control open-loop expression 
without new sampling 
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To avoid differentiation of the output voltage, the 

intermediate variable zc(t) = z(t) − Wvo(t) is defined, 
and the final expression for the additional dynamic 
control can be obtained as  
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The corresponding additional dynamic control 
diagram is shown in Fig. 7. 

 

Fig. 7  Additional dynamic control link diagram 

Finally, to achieve the same dynamic improvement 
effect as the additional element b in the original 
closed-loop Jacobian matrix Acl of the system, the 
pending parameters α1, α2, α3, and g1 are set. The 
matrix Accl is subjected to a similarity transformation 
using the transformation matrix 
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This results in a similarity matrix cclA� = P−1AP in the 
same form as Eq. (14). The matrix U�  is  
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Moreover, because only one row and one column 
are added to the original closed-loop Jacobian matrix, 
the matrix G�  is a scalar. 

In Section 3.3, when the submatrix U�  is a zero 
matrix, the additional dynamic control shown in Fig. 7 
achieves the same effect as the addition of element b 
to the original closed-loop system Jacobian matrix. At 
this point, the pending parameters in matrices U and G 
take the values  
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By setting the scalar G� , the new eigenvalues 
introduced by the additional dynamic control shown in 
Fig. 7 can be controlled. To reduce the impact of this 
eigenvalue on the dynamic performance of the 
closed-loop control system, it can be set to a position 
far enough away from the imaginary axis, such as 

G� = −3 000. Adding the dynamic control loop shown 
in Fig. 7 to the boost converter with PI control yields 
the final improved closed-loop control system diagram 
shown in Fig. 8. Because the inductor current is 
expressed by the capacitor voltage during control 
generation, the generated additional dynamic control is 
called additional virtual inductor current feedback 
(AVICF) control. 

 

Fig. 8  Additional virtual inductor current  

feedback control diagram 

5  Simulation and experimental verification 

5.1  Simulation verification 

By using Eq. (4) and Eq. (5), the PI parameter region 
satisfying the stability and dynamic performance 
criteria for the original PI-controlled boost converter 
can be calculated. Furthermore, by utilizing the 
equivalence of the modified closed-loop Jacobian 
matrix Aclb and AVICF control, the PI parameter 
region when AVICF control is adopted can be directly 
calculated using matrices Aclb and Eq. (4) and Eq. (5). 
Moreover, modeling of the AVICF control can be 
avoided. The corresponding changes in the PI 
parameter regions are shown in Fig. 9.  

Three points were selected to verify the 
effectiveness of the proposed time-domain 
dynamic-performance-improvement method. For the 
boost converter with the PI parameters at point A, the 
closed-loop control system of the converter cannot 
operate stably under simple PI control, whereas it can 
operate stably under AVICF control. 
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Fig. 9  PI parameter region before and after adding AVICF control 

For Point B, the boost converter with the PI 
parameters listed in Tab. 1 can operate stably under 
simple PI control, but the settling time and overshoot 
cannot satisfy these requirements. When AVICF 
control is adopted, the closed-loop control system of 
the boost converter using the PI parameters at point B 
can simultaneously satisfy the settling time and 
overshoot requirements.  

For the boost converter under the PI parameters at 
point C, the overshoot of the closed-loop control 
system of the converter meets the requirements under 
simple PI control; however, the settling time cannot 
meet the requirements. After AVICF control was 
adopted, the closed-loop control system of the boost 
converter using the PI parameter can satisfy the given 
settling time and overshoot requirements. The PSIM 
simulation waveforms of the output voltage of the boost 
converter under three types of PI parameters before and 
after AVICF was adopted are shown in Figs. 10-12. 

 

Fig. 10  Simulation waveform of the boost converter output 
voltage under the reference step of point A 

 

Fig. 11  Simulation waveform of the boost converter output 
voltage under the reference step of point B 

 

Fig. 12  Simulation waveform of the boost converter output 

voltage under the reference step of point C 

It can be observed from the simulation results in Fig. 
10 that, after AVICF control was adopted, the boost 
converter under the PI parameters at point A can 
operate stably, having been previously unstable after 
the reference step. The settling time of the boost 
converter under PI parameters at point B was reduced 
from 11 ms under simple PI control to 4.6 ms, and the 
overshoot was reduced from 1.4 V to 0.68 V. The 
overshoot of the converter under PI parameters at 
point C still meets the requirement of being smaller 
than 1 V after using AVICF control, and the settling 



Chinese Journal of Electrical Engineering, Vol.9, No.1, March 2023 

 

116 

time was reduced from 5.6 ms to 1.6 ms. It can be seen 
that the boost converter under PI parameters at points 
A, B, and C can all meet the given requirements of 
settling time and overshoot in Tab. 1 after AVICF 
control was adopted. 

5.2  Experimental verification 

The dynamic performance of the closed-loop control 
system before and after using AVICF control was 
verified using an actual boost converter with the same 
circuit and operating parameters listed in Tab. 1. In the 
actual boost converter, the main switch 
(BSC070N10NS5) was used to realize a synchronous 
boost converter. The main control chip of the circuit 
(STM32F334) had a maximum frequency of 72 MHz. 
The circuit used an MTP2920 inductor and a 
KEM_A4074 capacitor was used for the output 
capacitance. The corresponding experimental 
waveforms are shown in Figs. 13-15. 

 

Fig. 13  Experimental waveforms of the boost converter output 

voltage under the reference step of point A 

 

 

 

Fig. 14  Experimental waveforms of the boost converter output 

voltage under the reference step of point B 

 

Fig. 15  Experimental waveforms of the boost converter output 

voltage under the reference step of point C 

The experimental results show that the boost 
converter under the PI parameters at point A stabilizes 
after AVCIF control was adopted. The boost converter 
under PI parameters at point B does not meet the 
requirements for overshoot and settling time before 
AVCIF control was adopted, with an overshoot of 1.09 
V and a settling time of 7.96 ms. After using AVCIF 
control, its overshoot was reduced to 0.36 V, and the 
settling time was shortened to 4.76 ms, both meeting 
the requirements. The settling time of the boost 
converter after AVICF control was adopted was 
reduced by 40%, and the overshoot was reduced by 
65% compared to that of simple PI control. The boost 
converter under the PI parameters at Point C met the 
requirements for overshoot, but the settling time of 
5.16 ms did not meet the requirements under pure PI 
control. When using AVCIF control, the overshoot was 
reduced to 0 V, and the settling time was reduced to 
3.56 ms, both of which meet the requirements. Owing 
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to the parasitic parameters in the actual circuit, the 
potential differences between the values in the 
datasheet, and the effects of the digital control delay 
and analog-to-digital converter quantization errors, the 
experimental waveforms may not be exactly the same 
as the simulation results. However, the experimental 
measurements of the settling time and overshoot met 
the given requirements by adopting AVCIF control. 
The experimental results demonstrate the effectiveness 
of the proposed time-domain dynamic-performance- 
improvement method and the generated AVCIF 
control. 

6  Conclusions 

The closed-loop time-domain dynamic performance of 
PWM DC-DC converters can be accurately 
represented by the eigenvalues and eigenvectors of the 
Jacobian matrix obtained by linearizing the converter 
with state-space averaging. Based on this principle, a 
time-domain dynamic-performance-improvement method 
for PWM DC-DC converters based on eigenvalues and 
eigenvector sensitivity (E2S-based DPIM) is proposed. 
The impact of the additional disturbance elements in 
the Jacobian matrix on the time-domain dynamic 
performance of the closed-loop control system of 
PWM DC-DC converters can be quantitatively 
described by the eigenvalue and eigenvector 
sensitivities. Furthermore, the improved control which 
are beneficial to improve the dynamic performance of 
the closed-loop control system without the need for 
additional sampling can be generated by extending the 
closed-loop Jacobian matrix. In a boost converter with 
PI control, AVICF control that does not require 

additional sampling can be generated using the 
proposed dynamic-performance-improvement method. 
Under a specific set of PI control parameters, the 
settling time of the boost converter with AVICF 
control can be reduced by 40%, and the overshoot can 
be reduced by 65% compared with values obtained 
using only PI control. 

Appendix 

Two of the derivative terms in the subdynamic peak 
response sensitivity are  
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The subdynamic coefficient module sensitivity was 
calculated from the eigenvalue and eigenvector 
sensitivity using the following formulas 
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