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ABSTRACT The dc systems consisting of power electronic converters always suffer from various stability
problems, and the mixed potential theory (MPT) has been widely applied to study these problems in recent
years because the stability criterion in analytical form can be derived easily. However, the models of the
dc-dc converters in most studies are simplified, and thus only the control parameters at system level are
considered. Some work has done to propose the MPT criterion based on complete converter models which
involve the control parameters of the converters but such improved MPT criterion is optimistic for system
stability. This paper proposes the MPT criterion of a boost converter with different loads based on complete
converter models and expounds the mathematical features and the physical implication of the proposed MPT
criterion. The proposed MPT criterion can be used for the design of system parameters but it is a necessary
condition for system stability. The reasons for the optimism of the proposed criterion are revealed from the
expounded mathematical features and physical implication. Finally, real-time simulations are conducted in
RT-LAB to verify the correctness of the theoretical analyses.

INDEX TERMS Stability criterion, mixed potential theory, mathematical feature, physical implication.

NOMENCLATURE Aji(i)  Second-order partial derivate matrix of A(i).
P@i,u) Mixed potential function. By,(u) Second-order partial derivate matrix of B(u).
i* Set of inductor currents. P; Partial derivate matrix of A(7).

u* Set of capacitor voltages. Py Partial derivate matrix of B(u).
" Index of resistor branches and source Uo Output voltage of converter.
branches. ir Input current of converter.
o Index of capacitor branches. Uoref Reference of output voltage u,.
0 Index of inductor branches. iLref Reference of input current iy .
A1) Current potential. Uin Source voltage of converter.
B(u) Voltage potential. io Output current of converter.
(I, yu-o) Mixed potential. U Modulation signal in dual closed-loop control.
y Matrix of structure parameters. d Duty ratio in dual closed-loop control.
o Matrix of sources. Gou PI controller of voltage loop.
K1, 12 Smallest eigenvalues of matrices. G PI controller of current loop.
Amin Index of smallest eigenvalues. kpu proportional coefficient of Gy.
kiu Integral coefficient of Gy.
The associate editor coordinating the review of this manuscript and kpi Proportional coefficient of Gg;.
approving it for publication was Zhe Zhang . ki Integral coefficient of G;.
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Rvpr Load limit of R given by MPT.

IMPT Load limit of 7] gaq given by MPT.

Pumper Load limit of Py gaq given by MPT.

Gid Transfer function from d to ?L.

Gui Transfer function from ;L to .

G;j Transfer function of current loop.

Gy Transfer function of closed loop.

G} Simplified transfer function of current loop.
G} Simplified transfer function of closed loop.

T Time constant related to bandwidth.

fs Switching frequency.

Ruurwitz Load limit of R given by Hurwitz criterion.
IHurwitz Load limit of i} 4aq given by Hurwitz criterion.
Phurwitz Load limit of Py oaq given by Hurwitz criterion.

Uco Initial voltage of capacitor.

Rsurface Load limit of R given by geometric method.

ISurface Load limit of i1 o5q given by geometric method.

Psurface Load limit of Ppro.g given by geometric
method.

Rrr—1AB  Load limit of R given by RT-LAB.

iRT-LAB  Load limit of i 45q given by RT-LAB.

Prr—LaBp Load limit of Py oag given by RT-LAB.

I. INTRODUCTION

As the medium transmitting power between dc units, dc-dc
converter has great impacts on the stability of the dc system
containing distributed generations, storage devices and dc
loads [1], [2]. Specifically, the system consisting of dc-dc
converters is always facing unstable inducements [3], [4],
such as the disturbances of loads [5], [6], the oscillations
caused by the impedance mismatch between different con-
verters [7], [8] and the reduction of the system damping
brought by constant power loads [9], [10]. In order to study
the stability of the dc systems consisting of dc-dc converters,
large-signal analysis methods based on Lyapunov functions
have been gradually applied in recent years [11], [12].

The Takagi-Sugeno model method (T-S), the block-
diagonalized quadratic Lyapunov function method (BDQLF)
and the reverse trajectory tracking method are usually used to
establish Lyapunov functions [13], [14] but only qualitative
stability criteria can be derived. The Hamiltonian surface
shaping method [15], [16], the potential energy boundary
surface (PEBS) method [17], [18] and the methods based
on the passivity theory [19], [20] can give stability criteria
in analytical form, while they are subject to the scale of the
systems and the obtained stability domains are conservative.
Comparatively, the mixed potential theory (MPT) is more
suitable for the stability analysis and the parameter design
of dc systems because the Lyapunov energy functions can be
established easily and the stability criteria in analytical form
can be derived directly [21], [22]. For instance, the influences
of system parameters on the stability of a droop-controlled
dc microgrid are studied in [23] based on the MPT. Similar
work is conducted on a VSC-HVDC system in [24], and the
boundaries of control parameters are generated from the MPT
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criterion. For a hybrid multi-terminal HVDC system in [25],
the optimal control parameters are obtained from a dynamic
performance evaluation function established based on the
MPT criterion. In addition, specific control schemes can be
developed by combining the MPT and other methods, such
as the decentralized voltage control proposed in [26] which
is robust to the unknown ZIP loads in dc power networks.

Although it is easy and convenient to use the MPT, there
is a consensus among most studies that the stability domains
obtained by the traditional MPT are still conservative [21],
[22], [23], [24], [25], [26], [27]. As a consequence, a revised
MPT criterion which is the sufficient condition for the sta-
bility of dc power girds is proposed in [27] and applied
in [28] to obtain more accurate stability domain. Further,
a hyperlocal large-signal stability analysis method is pro-
posed in [29] based on such revised MPT for large-scale
complex power grids. However, only the influence of control
parameters at system level on system stability can be studied
by the traditional MPT or the revised MPT because dc-dc
converters are usually treated as voltage or current sources
during system modeling [21], [22], [23], [24], [25], [26], [27],
[28], [29]. By contrast, the improved MPT criteria proposed
in [30], [31], and [32] consider the complete models of dc-dc
converters and thus involve all the control parameters. While
the stability domains obtained in [30], [31], and [32] show
optimism instead of conservatism, which indicates that such
improved MPT criterion considering the control parameters
is actually the necessary condition for system stability. There-
fore, there is a great need to investigate the characteristics of
the MPT criterion which is proposed based on complete con-
verter models, and find the reason for the optimism of such
MPT criterion which involves both the circuit parameters and
the control parameters of the system.

To address the issues, this paper starts with the stability
analysis of a boost-converter system based on the MPT. For
convenience of analysis, the boost converter is considered
operating in continuous current mode (CCM) because there
are fewer nonlinearities in the circuit. The small-signal model
of the boost converter is established and used as the com-
plete converter model. The MPT criterion is proposed in
different load cases respectively which involve constant
impedance load (CIL), constant current load (CCL) and con-
stant power load (CPL). The characteristics of the proposed
MPT criterion include mathematical features and physical
implication. The mathematical features are revealed by com-
paring with the Hurwitz criterion which is a sufficient and
necessary condition for system stability. The physical impli-
cation is interpreted from the aspect of control principle to
reveal the reason for the optimism of the proposed MPT
criterion. Additionally, the necessity of the proposed MPT
criterion for system stability is identified based on these
characteristics. The verifications of the optimism and the
effectiveness of the proposed MPT criterion are conducted
based on real-time simulations instead of experiments.

This paper is organized as follows. Section II intro-
duces the mixed potential theory and proposes the MPT
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criterion in CIL/CCL/CPL case. In Section III, the charac-
teristics of the proposed MPT criterion are expounded which
include the mathematical features and the physical implica-
tion. The results of the real-time simulations are provided in
Section I'V. The conclusions are drawn in Section V.

Il. STABILITY ANALYSIS BASED ON MPT

The mixed potential theory was first proposed in 1964 for
the stability analysis of nonlinear circuits [21]. Therefore, the
system consisting of dc-dc converters can be analyzed by the
MPT to obtain stability criterion.

A. INTRODUCTION OF THE MIXED POTENTIAL THEORY
For a “complete’ circuit defined in [21], the mixed potential
function P can be established as (1) which contains mixed
terms of voltage multiplied by current.

I+s

P(i*,u*):/ D wdiy+ D g 4
r

U>r+s o=r+1 r

where i* = (i1, ..., i) and ™ = (Ur11, ..., Urts) respectively
represent the set of inductor currents and capacitor voltages in
the circuit. The integral part is the total current potential of the
elements in the branches labeled as u, except inductors and
capacitors. The second part denotes the sum of each capacitor
current multiplied by capacitor voltage.

In addition, the function P can also be derived from and
verified by the differential equations of the circuit. The cor-
responding formulars are presented as

dip oP
pE:E, (,021,...,1') (2)
dus JdP
07:_£7 (O':r+1,...,r+s)
where L, (o =1, ..., r) are the inductors in the circuit and
Cy (0 =1+1, ..., r+s) are the capacitors.

The construction approach to the function is presented in
[21], and the function can be written in a standard form as

P@,u) = —A@) + B(u) + (i, yu — a) 3)

It can be seen that the function consists of three parts: the
current potential -A(7), the voltage potential B(u), and a mixed
term related to a constant matrix y decided by the structure
of the circuit and a constant vector a decided by the sources
in the circuit.

According to [21], the stability criterion of the circuit can
be derived from the function P that if for all i and u,

i+ p2 = hminfL ™ PAGOLT?)

+ Amin{C ™ PBu@)C™?) > 8,6 >0 (4)

and
P, u) = (%) PG, u)
F5P LR B CTPY )
P*(i,u) — ocasli| + |u| — oo 6)
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then all solutions of (2) approach the equilibrium solutions
when t — oo.

The symbols above are defined as follows:

a. L and C respectively represent the inductor matrix and
the capacitor matrix.

b. P; and P, are the partial derivative matrices of P, where
P; = 0P(i, u)/di and Py, = 9P(i, u)/ou.

c. Aji(i) and By, (u) are the second-order partial derivative
matrices of A(i) and B(u), where A;i(i)= 0%A(i)/9i% and
Buu(w)= 32B(u)/du?.

d. p1 and py are defined as the smallest eigenvalues of the
matrices, and Anmin{- } denotes the operator notation.

B. STABILITY CRITERIA AND LOAD LIMITS OBTAINED

BY MPT

The system studied in this paper is shown in Fig.1. The
boost converter adopts the voltage-current dual closed-loop
control to maintain the output voltage, where ugrer and if ref
are respectively the references of the output voltage u, and
the input current ir. The PI controllers of the dual loop are
marked as G, and G, where kp,y, and k;y are the proportional
coefficient and the integral coefficient of Gy, and kp; and k;;
are those of Gi. The modulation signal u. decided by G, is
sent to the PWM modulator, and the duty ratio d generated
are used to control the switch S. uj, is the source voltage and
i is the output current. Different loads are connected to the
converter for case discussions, such as CIL, CCL and CPL.

]
+
or or
C == u,
Ly
A

- CIL CCL CPL

L . I

PWM
Modulator

FIGURE 1. Diagram of circuit structure and control scheme.

The state space averaging equations of the system are
presented as

p
LEE = wy — (1 — dyuo

g,’;o )
C=2=10-djip —i

dt ( )lL lo

It is noteworthy that the complex terms (1—d)u, and (1—d)ir,
in (7) make the circuit neither passive nor complete [21].
Therefore, the complex terms should be linearized to obtain
the small-signal model which is regarded as the complete
model of the system.

The small-signal model in CIL case is presented as (8)
and the equivalent circuit is shown in Fig.2, where a constant
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L i (1-D):1
M,
+
Tud YU
C) i, % g C:: K [] i
1,d _
FIGURE 2. Equivalent circuit of the system in CIL case.
resistor R is used as CIL.
dip . . .
L= — 4, + Usd — (1 — Dty
dr, . 8)
clo _q _pp —na-"
dt L= R

According to Section A, the mixed potential function P can
be established as

A~ ;L N ilo n
P(ir, ito) = / (Uod)di + / (rd)du
0 0
2 A A

+ EEO — (1 = D)ipuo + ipttin 9

where the first curvilinear integral is the current potential, the

voltage potential consists of the second curvilinear integral

and the square term, and the remains are the mixed potential.

Considering the dual closed-loop control, the duty ratio is
expressed as

~

d= kpi |:kpu(120ref - ’20) + kiu / (ﬁoref - &o)dt - 2Li|

+ kii/ |:kpu(i{oref - 1:‘0) + kiy / (ﬁoref - ﬁo)dt - %L:|dt
(10)

Based on (4) and (10), the stability criterion in CIL case
can be derived from (9) as

U, Iy 1
M1+ p2 = Tkpi - Ekpukpi + a >0 (11)
Meanwhile, the extended function P* is expressed as

PGir. o) = (%kpi + 5 kb ﬁ) PGL. )

. (i + Uod — (1 = D)itg)?
2L

(I.d + ﬁO/R — (1 —Dyip)?
2C

+

(12)

It is obvious that P* — oo when |iz |+ |fio| — 00, and thus
the system can reach the equilibrium solutions of (8) when
t — oo.

The expression (11) indicates that the system stability is
related to converter parameters L, C, control parameters kpy,
kpi, output voltage Uy, input current I, and load R. In practical
systems, L and C are usually unchanged, and thus the system
stability can be guaranteed by the proper design of kpy, kp;.
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In addition, the system stability is also influenced by the
load when the system parameters and the output voltage are
fixed. For instance, it can be found from (11) that the smaller
the value of R is, the larger the sum of 1| and i, is, and finally
the more stable the system is. Therefore, the stability domain
of the load is necessary to be obtained and is regarded as an
index to illustrate the optimism of the proposed MPT criterion
in the following analyses.

Taking into account power balance equation, the stability
domain of R can be derived as (13), where the load limit of R
is defined as Rvpt.

L (kpukpiUZ — Uin)
kpi UinUoC

R > Rvpr = (13)

In CCL case, a constant current source iy g,d is used as
CCL, and the equivalent circuit is shown in Fig.3. The
small-signal model is presented as (14), and the stability
criterion can be derived as (15).

di .
LY — i+ Uod — (1 — Dy
dt (14)
di 2 N
C 7 =1 —=D)ip —Ird — ir0ad
U, Iy
n1+ 2 = Tkpi - Ekpukpi >0 (15)
L i (1-Dy:1
—YYN >
+
- U‘,c} + . . iLoad
O T O
)
I1,d _

FIGURE 3. Equivalent circuit of the system in CCL case.

The extended function P* is presented as (16) and satisfies
the condition that P* — oo when |i| + |io| — oo. Hence,
based on (15), the system can reach the equilibrium solutions.

I U IL N
PH(iL, o) = (Z—kai + %kpukpi) P(iL, fio)
L (i + Uod — (1 — D)ity)?
2L
L Ued + it — (1= D)ir)*
2C
The stability domain of if g can be derived from (15)
as (17), and ippr represents the load limit of if gag.
UpnC
kpuL

(16)

iLoad < IMPT = (17)

In [22], [23], [24], [25], [26], [27], [28], [29], [30], and
[31], CPL usually refers to tight regulated power electronic
load. For universality, a nonlinear resistor Ppoaq set to con-
stant power is regarded as CPL in this paper. The equivalent
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circuit is shown in Fig.4.

di . R
bf:&ﬁww—a—m%
ot . (18)
Uo o A Load ~
C—2 = (1 =Dy —Id + 0z o
L i . (1-D):1
+
“ua t, . Prow
<'-> i § é C:: H u
1,d -

FIGURE 4. Equivalent circuit of the system in CPL case.

Then, the stability criterion can be derived as (19) from the
small-signal model presented as (18).

l PLoad
Cc U2

U, I,
m1+ 2 = Tkpi - Ekpukpi -

>0 (19

The extended function P* is presented as (20) and satisfies
the condition that P* — oo when [i | + |iio| — 0. Hence,
based on (19), the system can reach the equilibrium solutions.

SN Uo IL 1 PLoad A A
P*(ig, ity) = (ikpi + %kpukpi + % Ug ) P(ir, Uo)
(o + Uod = (1 = D)ity)?
2L
Ird — PLoadito /U2 — (1 — D)ir)?
+ (L Load o/ o ( )iL) (20)

2C
The stability domain of Ppo.g can be obtained as (21)
from (19), and Pypr represents the load limit of Py gaq.
kpiUin U, g’ C
L(kpukpi U2 + Uin)

P1oad < PmpT = 21

Ill. MATHEMATICAL FEATURES AND PHYSICAL
IMPLICATION

The mathematical features of the MPT criterion proposed in
Section II are revealed in this section by comparing with the
Hurwitz criterion, and the physical implication of the features
is interpreted by the geometric method from the aspect of
control principle.

A. MATHEMATICAL RELATIONSHIP BETWEEN TWO
CRITERIA
As another kind of stability criterion derived from small-
signal model, the Hurwitz criterion is actually subject to
system scales because high-order characteristic equations are
difficult to be solved [33], [34], [35], [36]. In order to obtain
the Hurwitz criterion for comparison, the system in this paper
needs to be simplified.

Take the CIL case for example, the transfer functions of the
circuit partin Fig.1 are expressed as (22) and (23). Gig and Gy;
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respectively represent the links fromdtoiz and fromiy toii.

i UoCs + I (1 — D)+ %
G = = == i( ) i o
di, o LCs"+xs+(1-D)
i —ILL 1 —D)U,
Gy = I:_t_o = LLs +( ) oU (23)
ir lgy=0 UoCs+1(1—-D)+ F
The transfer function of the current loop is defined as
Gi= i __GaG bos> +bis + by (24)

i 1 +GiGia  aos® + ais? + axs + as

where agp =LC, a1 = kpiUoC + LIR, az = kyilp — kil D +
kpiUo/R+ kiiUoC+(1—D)?, a3 = kil — kil D + kiiUo/R,
by = kpiUoC, by = kpi[L - kpi]LD + kpiUo/R + kiUoC,
by = kijlp — kil D + k; Uo/R.

Then, the closed-loop transfer function of the system can
be derived as (25) based on Gy, Gy and G;.

ﬁ_o _ GuGuiGi
iioref 1 + GeuGuiGi
It is obvious that (25) is a high-order transfer function, thus
the dual closed-loop needs to be simplified. Considering that
the bandwidth of the current loop is wider than that of the

voltage loop, the current loop can be regarded as a first-order
inertia link, and Gj can be simplified as

Gy = (25)

1
Gr =t = (26)
iLref s+ 1

where the time constant 7 is related to the bandwidth of the
current loop.
Then, the closed-loop transfer function can be rewritten as
ito _ GeuGui G;k _
Ijioref 14+ Gey GuiG;k

bos® + bis + by
aps® + a1s2 + ars + a3
27

G =

where ag = UyCt,a1 = UoC+IL(1-D)t+Ust/R—kpul L,
ap =1y — 11D + Uy /R + kpuUs — kpuUoD — kinI L, a3 =
kiqu(l_D), by = _kpuILval = kpqu(l_D) — kil L,
by = kjyUo(1—=D).

The zero-pole plots of (25) and (27) are given under
different equilibrium points to verify the validity of the sim-
plification, as shown in Fig.5. The system parameters are
listed in Table 1.

TABLE 1. Converter parameters and control parameters.

Parameter Value
inductance L 3.5mH
capacitance C 1650 uF
output voltage reference uorer 600V
proportional coefficient of current loop ki 0.07
integral coefficient of current loop 233
proportional coefficient of voltage loop A, 2.633
integral coefficient of voltage loop ki, 1654.4
switching frequency f; 10 kHz
time constant 0.0005
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-2000 -
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FIGURE 5. Zero-pole plots of (25) and (27). (a) When U;, =200V,
I, =12 A, R = 150 . (b) When U;, =400V, /; =9 A, R =100 .

It can be found that within the bandwidth of the voltage
loop which is about 500 Hz, the conjugate poles of (27) are
very close to those of (25), and the remain zeros and poles
of the two transfer functions are consistent. It indicates that
the characteristics of the two transfer functions are the same
at low frequencies, and thus it is valid to analyze the system
stability within the control bandwidth based on the simplified
transfer function.

Consequently, the Hurwitz criterion of the system can be
derived from (27) as

apg=U,Ct >0
a;=U,C+1(1 -—D)t + UO‘L'/R — kpul L >0
ay =I(1 = D)+ Uy /R + kpuUo(1 — D) — kiuILL > 0
a3 = kywUo(1 — D) > 0
ajay —apaz > 0
(28)

Taking into account power balance equation, the stability
conditions of the system can be derived from (28) as (29), and
the stability domain of R is also given. The load limit of R is
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defined as Ryurwitz and presented as (30).

R= Rl = kpuUoL — 2UinT
UinC

kiu UgL

JR>Ry = 5

kpu U

kpu Ui UoL + kinUinUSLC + /AR
R > R3 = 3
2k U3 C

(29)
Rburwirz = max{Ry, Ry, R3} (30)
where Ag = UZ UjLI(kp,Uin + kinUoC)*L—4k3,Uin

C(kiquL_ZUin)]~
The same process is conducted in CCL case and CPL case.

The stability conditions and the stability domain of i oaq are
derived as (31). The load limit ifg,rwit, are presented as (32).

UinU,C
kpuUoL — Uit

kpu U,
kiﬁ’ UOZL — Uin )
kpu Ui UoL + kinUinUSLC — W/ A;

2(kpukiu Ung - kpu UinUoL)

iLoad < i1 =

iLoad < i2 =

ILoad < I3 =

(31)
IHurwitz = min{il , 02, i3} (32)

U2UZLIKAUin + KinUoC)’L—4

where A; = L US

kpuUinC(kiyUoL — Uin)].

The stability conditions and the stability domain of Py gaq
are derived as (33). The load limit Pyyrwit; are presented
as (34).

UinU,C
Proad < P1 = }:—z
pu
kpuU?
Proad < P = %
iu
P P2 = kguUI%'lL + kiwUinUoLC — /Ap
s 2kpukiuLz
(33)
Puurwitz = min{Py, P>, P3} (34)

where Ap =
Uoc(kpu — k7).

Itis obvious by comparing (13)/(17)/(21) with (29)/(31)/(33)
that Rvipr/impT/PMpT are respectively equivalent to R1/i1/Py,
when Uj, is much less than ngpukpi and 7 is small enough
due to the high switching frequency. Moreover, the relation-
ships between Rvpr/ivpr/Pmpt and Ryurwitz/iHurwitz/ PHurwitz
which are related to Ry/i;/P; need to be discussed.

Rvpr/ivpr/Pvpr  and - RHurwitz/iHurwitz/ PHurwitz - varying
with the duty ratio D are obtained based on the parameters in
Table 1, and the corresponding stability domains are given,
as shown in Fig.6. It can be found that under different system
parameters, the stability domains given by the proposed MPT
criterion are always larger than those given by the Hurwitz
criterion in CIL/CCL/CPL cases.

V2L (kUi + kiwUoC)?—4kpukinUn
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FIGURE 6. Stability domains given by the Hurwitz criterion and the
proposed MPT criterion where duty ratio D is the variable. (a) CIL case.
(b) CCL case. (c) CPL case.

Therefore, from the aspect of mathematics, the proposed
MPT criterion is one of the stability conditions of the Hurwitz
criterion and is more optimistic than the Hurwitz criterion,
which implies that the proposed MPT criterion is a necessary
condition for system stability.

B. PHYSICAL IMPLICATION AND GEOMETRIC
INTERPRETATION

The physical implication of the proposed MPT criterion is
interpreted by the geometric method in this section to explain
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the optimism of the criterion and prove the necessity of the
criterion for system stability.

According to the control scheme in Fig.1, at the initial
control stage, the error between irr and iy is so large that
d reaches saturation immediately and switch S keeps turned
on in a period of time. Only when i, becomes larger than
irret, the PI controller of the current loop performs negative
integral, then d decreases and switch S turns off. Therefore,
one of the necessary conditions for system stability can be
stated that during the first rising period of ir, if for r > 79 >0,

iL(t0) — irref(tp) < 0 (35)

and
iL(t) — ipref(t) 2 8, 6 >0 (36)

then the system may work at equilibrium points when
t — 00.

Take the CIL case for example, during the closure of
switch S, the differential equations of the system are pre-
sented as (37) and solved as (38), where U, represents the
initial voltage of the capacitor.

di
37
duo_ Uo 37
dt R
iLzuﬁt
L (33)

L
Uy = UCOe rc!

As the output of the PI controller of the voltage loop shown
in Fig.1, iLer is expressed as

ILref = kpu(”oref — uo) + kiu / (toref — Uo)dt

1
= Kiulloref? + (kiuUcoRC - kpuUco) e k!
+ kpuuoref — kiwUcoRC (39

The surfaces of ir () and ipef(f) varying with the value
of R under different source voltages are drawn based on the
parameters in Table 1, as shown in Fig.7.

Then the necessary condition for system stability can be
stated by the geometric method that as time ¢ increases, if the
surface iy ef(f) can intersect with the surface iy (¢) at a certain
time #p, the system may work at equilibrium points. The
minimum load value corresponding to the intersection of the
two surfaces is defined as the load limit Rsyface-

Rsurface Obtained by the geometric method under different
source voltages and Rypr calculated by the proposed MPT
criterion are respectively listed in Table 2 for comparison.

In CCL case, iz (t) and i f(¢) are derived as

iL = @t

KiuiLoad 2 kpu ILoad
2C +( C
+kpu(”oref — Uco)

iLref = + kiuttoref — kiuUco )t

(40)
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TABLE 2. Load limits of CIL given by geometric method and MPT.

uin (V) Rsurface (Q) Rwer ()
100 33 33.46
200 16 16.7
300 11 11.12
400 8 8.33
500 6 6.65

The surfaces varying with the value of i1 o5q under different
source voltages are shown in Fig.8. The maximum load value
corresponding to the intersection of the surfaces is labeled as
Isurface- Isurface and Ivpr under different source voltages are
respectively listed in Table 3.

According to i (¢) and irf(¢) derived as (41), the surfaces
in CPL case under different source voltages are shown in
Fig.9. Psurface and Pypr are respectively listed in Table 4.

i = —2¢
L L .
. klu 2 2P Load 2
ILref = m ( o — ?f + kiultoreft
2P Load k]uU C
—kpuy | U2, — ——1 + kpult
pu co C pultoref — 3 PLoad

(41)

It can be found from Table 2 to Table 4 that under different
system parameters, RSurface/ISurface/PSurface are always con-
sistent with Rypr/impr/Pwmpr. It indicates that the proposed
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FIGURE 8. Surfaces of iy (t) and ij,ef(t) in CCL case. (a) When u;, = 300 V.
(b) When Ujp = 500 V.

TABLE 3. Load limits of CCL given by geometric method and MPT.

uin (V) surtace (A) Iver (A)
100 18 17.9
200 36 35.81
300 53 53.71
400 71 71.62
500 90 89.52

MPT criterion only guarantees the normal working of the
converter at the initial control stage but not the convergence
of the whole control process.

Therefore, the optimism of the proposed MPT criterion is
explained from the aspect of control principle that it reflects
the working characteristics of the system at the initial control
stage and thus provides the necessary condition for system
stability. In other words, the stability of the system can be
judged from the transient behavior of the converter during the
initial control stage, and the system is definitely instable if the
system parameters don’t satisfy the proposed MPT criterion.

IV. VERIFICATION BASED ON REAL-TIME SIMULATION

The real-time simulation platform used for verification is
shown in Fig.10. The system shown in Fig.1 is built in the
form of MATLAB/Simulink model in the host computer and
then loaded to the real-time simulator RT-LAB (OP 5700)
through Ethernet. The simulator is responsible for solving
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TABLE 4. Load limits of CPL given by geometric method and MPT.

uin (V) Psurace (W) Pyt (W)
100 10800 10727
200 21400 21421
300 32000 32083
400 42800 42714
500 53300 53312

the model and generating data. The data is finally transmitted
from the simulator to the oscilloscope through I/O interfaces
to display the solving results.

The circuit parameters and the control parameters of the
system are listed in Table 5. In order to simulate practical
working conditions, power-off operation is executed when the
system is divergent and the output voltage drops over 5%.

A. VERIFICATION FOR THE PROPOSED CRITERION
The load limits of the system are tested on the platform to
verify the proposed criterion. The approach is continuously
changing the load value in the stable system, then observing
at which value the system starts to be divergent. In different
load cases, the final values are defined as the load limits and
labeled as RrT—LAB/IRT-LAB/PRT—LAB-

Taking the working condition that source voltage uj, is
set to 300 V for example, the waveforms of output voltage
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FIGURE 10. Real-time simulation platform.

TABLE 5. System parameters for simulation.

Parameter Value
inductance L 3.5mH
capacitance C 1650 uF
output voltage reference uorer 600V
proportional coefficient of current loop ky; 0.07
integral coefficient of current loop k; 233
proportional coefficient of voltage loop k., 2.633
integral coefficient of voltage loop ki, 1654.4
switching frequency f; 10 kHz

u, and input current iz in different load cases are obtained
respectively to determine the load limits.

In CIL case, the waveforms of u, and iyare shown in
Fig.11, where the initial value of R in stable state is 21 €2 and
the value is decreased to found the unstable working points.
It can be found that u, drops and i, increases immediately
when the value of R decreases. Both u, and i, return to stable
state within 4 ms if the value of R is reduced to 15.35 €2,
as shown in Fig.11 (a). While the system becomes divergent
and then powered off if the value of R is reduced to 15.34 €,
as shown in Fig.11 (b). Therefore, RrT—1.AB is determined
as 15.35 Q.

After changing the values of i o5q in CCL case, the changes
of uy and i, are shown in Fig.12, where the initial value
of i1oad 1S 25 A and then the value is increased to 36 A
and 37 A respectively. It is obvious that after the value of i1 gag
is increased to 36 A, the system returns to stable, as shown
in Fig.12 (a). But the system becomes divergent and then
powered off after the value of i ,oq changes to 37 A, as shown
in Fig.12 (b). Therefore, Irr_1aB is determined as 36 A.
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FIGURE 11. Waveforms of uo and iy in CIL case. (a) Value of R changes to
15.35 Q. (b) Value of R changes to 15.34 Q.

The waveforms in CPL case are shown in Fig.13, and
the initial value of Prgaq is 19722 W. The system keeps
stable after the value of Ppg,q is increased to 26243 W,
while the system becomes unstable after the value of
P1oad changes to 26244 W, as shown in Fig.13 (a) and
Fig.13 (b) respectively. Therefore, Prr_1aB is determined
as 26243 W.

Based on the above method, RrT_1.AB/IRT—1LAB/PRT—LAB
under different source voltages can be tested, and the results
are listed in Table 6 to Table 8. Furthermore, the theoretical
results calculated by the proposed MPT criterion and the
Hurwitz criterion are listed for comparison.

It can be found from Table 6 to Table 8 that
under different source voltages, Rypr is always smaller
than RrT-LAB, and Ivpr/Pmpr are always larger than
IrRT—LAB/PrRT-LAB- It denotes that the stability domain
obtained from the proposed MPT criterion is larger than
the practical stability domain, and thus verifies that the
proposed MPT criterion provides the necessary condi-
tion for system stability. In addition, compared with
Rmp1/Ivpt/Pmpts RHurwitz/IHurwitz/ PHurwitz are much closer
to RRT—LAB/IRT—LAB/PRT-LAB- It indicates that the proposed
MPT criterion is more optimistic than the Hurwitz criterion,
and the Hurwitz criterion is more accurate for stability anal-
ysis. Thus, the conclusions match well with the analyses in
Section III and the optimism of the proposed MPT criterion
is well verified.
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changes to 36 A. (b) Value of i} 554 changes to 37 A.

TABLE 6. Theoretical and simulation results for load limit in CIL case.

Uin (V) D Rupr (Q) Riturwitz (Q) Rrria (Q)
100 0.833 33.46 82.3 77.44
200 0.667 16.7 24.64 26.22
300 0.5 11.12 14.27 15.35
400 0.333 8.33 10.2 11.43
500 0.167 6.65 7.97 9.68

TABLE 7. Theoretical and simulation results for load limit in CCL case.

uin (V) D it (A) iurwitz (A) irTLaB (A)
100 0.833 17.9 7 7
200 0.667 35.81 26.2 22
300 0.5 53.71 45.36 36
400 0.333 71.62 63.56 50
500 0.167 89.52 80.86 58

TABLE 8. Theoretical and simulation results for load limit in CPL case.

uin (V) D Pyt (W) Priurwite (W) Prrras (W)
100 0.833 10727 4547 4644
200 0.667 21421 18189 15243
300 0.5 32083 26488 26243
400 0.333 42714 37413 35127
500 0.167 53312 47883 41579

B. CRITERION COMPARISON
In order to verify the effectiveness of the proposed MPT crite-
rion, the MPT criterion based on the modelling method in [31]

83547



IEEE Access

Y. Li et al.: Stability Criterion of DC-DC Converter With Different Loads Based on MPT

1, (100V/div)

i
A
0y g 7 g g
i1, (20A/div)
A e s 2 et
|
™
Time scale (5ms/div)
(@)

u, (100V/div)

ii (20A/div)
e e

Time scale (100ms/div)
(®)

FIGURE 13. Waveforms of uo and i, in CPL case. (a) Value of P, o4
changes to 26243 W. (b) Value of P, ,,4 changes to 26244 W.

is derived for comparison. The compared MPT criterion in
CPL case is presented as

P Load
Us

1 1
p1+ po = = (kpu — t7)>0 (42)
N

C
where R is the equivalent resistance of the current source.

It can be found from (42) that the system stability is only
influenced by kpy when C is unchanged, R; is large enough
to be neglected and the system works within the load limit.
Therefore, the stability domain of &, based on the compared
MPT criterion can be derived as

Proad _ 1

kpu > U_g ]Ts (43)

According to the expression (19), the stability domain of
kpu based on the proposed MPT criterion can be derived as

U, UinC _ Uin
LPyoad ngpi

kpu < (44)

The stability domain of &, can be tested based on the same
method in the last section. The waveforms of 1, and i; under
the working conditions that Py o5q changes from 3 kW to 9 kW
and 15 kW are shown in Fig.14 and Fig.15 respectively.

As shown in Fig.14, u, drops and i increases immediately
when P o,q is increased. It is obvious that both of u, and if,
become divergent if kp, is set to 7.33, as shown in Fig.14 (a).
While the system can return to stable state within 10 ms if
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FIGURE 14. Waveforms of uo and i, when the value of Py ,,4 changes
from 3 kW to 9 kW. (a) kpy is set to 7.33. (b) kpy is set to 7.32.

kpu is set to 7.32, as shown in Fig.14 (b). Therefore, the upper
boundary of the stability domain of kp, is determined as 7.32.

Similar phenomenon occurs when Ppg,q changes from
3 kW to 15 kW. The system tends unstable when kp, is set
to 4.51 but keeps stable when kp, is set to 4.5, as shown in
Fig.15 (a) and Fig.15 (b) respectively. Therefore, the upper
boundary of the stability domain of kp, is determined as 4.5.

Based on the above method, the complete stability domain
of kpu, including the upper boundary and the lower boundary,
is tested under different load changes. The results of (43), (44)
and simulation are respectively presented in Table 9.

It can be found from Table 9 that compared to the results
of (43), the results of (44) are much closer to the simulation
results. The results of (44) fully covers the simulation results,
which demonstrates that the proposed MPT criterion is more
accurate than the compared MPT criterion. Both of the results
of (43) and (44) indicate that when the load changes in a
certain range, the system tends unstable as kp,, increases, and
if kpy is designed improperly, the system may tend divergent
as load power increases. It is verified that the influence of
system parameters on system stability can be analyzed by the
proposed MPT criterion directly which can also be used for
the design of system parameters. Thus, the conclusions match
well with the analyses in Section II and the effectiveness of
the proposed MPT criterion is well verified.

Furthermore, the optimism of the proposed MPT crite-
rion and the compared MPT criterion can also be reflected
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from 3 kW to 15 kW. (a) kpu is set to 4.51. (b) kpu is set to 4.5.

TABLE 9. Theoretical and simulation results for stability domain.

Proaa (kW) Result of (43) Result of (44) Simulation
3—6 kp>0.017 lpu<14.13 0.3<k;,,<10.33
3—9 kp>0.025 kpu<9.42 0.45<k;,<7.32
3—12 kpe>0.033 kpu<7.05 0.6<k,,<5.62
3—15 kp>0.042 kipu<5.64 0.76<k,.<4.5

from the results in Table 9 but the reasons for the optimism
are different. The proposed MPT criterion only involves the
transient behavior of the converter during the initial control
stage, while the current potential stored by the inductance
is neglected in the compared MPT criterion. Although the
two stability criteria are incomplete, the parameter ranges
can be narrowed by combing the two criteria, and because
both criteria are in analytical form, the design of system
parameters will be more convenient and accurate.

V. CONCLUSION

In this paper, the stability of a boost-converter system is
analyzed based on the MPT method in CIL/CCL/CPL case
respectively, and the proposed MPT criterion considers the
control parameters of the boost converter. The mathematical
features of the proposed MPT criterion are revealed based on
the comparison with the Hurwitz criterion, and its physical
implication is interpreted by the geometric method. From the
aspect of mathematics, the proposed MPT criterion is proved
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to be one of the stability conditions of the Hurwitz criterion
and thus is more optimistic. The reason for the optimism is
revealed from the aspect of control principle that the proposed
MPT criterion only guarantees the stability of the converter
at the initial control stage. Besides, according to the physical
implication, the proposed MPT criterion is proved to be the
necessary condition for the system stability. The results of the
real-time simulations verify the correctness of the theoretical
analyses and demonstrate that although the proposed MPT
criterion is optimistic, it can still provide instructions for the
design of system parameters.
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