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Based on an analysis of the influence of the roots of a characteristic polynomial on the
increment of the argument of the frequency characteristic of the system, the frequency
criterion of stability of a system with fractional-order derivatives has been suggested. The
boundaries of the zone of location of the roots of the characteristic polynomial of a stable
system have been determined in a complex plane when the index o of the basis of the
characteristic polynomial changes.
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1. Introduction

In modern approaches to the creation of models of processes and of the synthesis of control actions in
dynamic systems, there are used fractional derivatives and integrals, which describe so-called fractal
peculiarities of such processes [1,2]. In particular, the design of some electromechanical systems using
fractional-order regulators significantly advances the possibilities of optimization of such systems [3-6].
The problems of analysis and synthesis of dynamic systems which are described by equations with
derivatives of fractional orders have recently received considerable attention [7,8|. Despite consider-
able interest |9, 10|, the problem of creation of a quite simple criterion of stability, similarly to the
systems with integer derivatives, for the systems with fractional-order derivatives still remains un-
solved. Analogously to the linear invariant systems of integer order, the stability of the linear systems
of fractional order, as it is known, depends on the location of the poles of the system in a complex
plane. On this basis, for the fractional-order systems the root stability criteria have been proposed, the
most famous of which is the Matignon’s stability theorem [11] and the Routh-Hurwitz criterion [12].
However, in the general case, the analysis of the location of the poles remains a rather difficult task.
Along with this, a significant number of papers are devoted to the creation of a frequency criterion
of stability. In particular, in [13] for the fractional-order systems, it is proposed to use the Mikhailov
criterion [14] after the transition to the integer polynomial with the basis st/ With this, to eliminate
the problem of high degrees of polynomials, it is proposed to analyze the argument of the modified

Z;cn:() am—k'(sl/a)k
ao-(s+A)™/
The system will be stable if the argument of the modified polynomial is equal to zero. In [7], there is
demonstrated the application of this approach to the subsystems with different bases of fractional-order

derivatives, to the positively defined systems, and to the systems with time delay. In [15], a stability

characteristic polynomial of the system of the form , where X is a natural number.

criterion is proposed for linear fractional-order systems with s%, where « satisfies 1 < 1/a < 2, being
formed on the basis of the analysis of the intersection of the real and imaginary axes by the hodograph
of the system. In [16], the application of the Lyapunov method for the analysis of stability of systems
with fractional derivatives and the problems in the formation of the Lyapunov function are shown.
In [17], the possibility of using the quadratic Lyapunov function to analyze the stability of the system
is proved. The application of the apparatus of matrix inequalities for the formation of the stability
criterion of a system is shown in [18].
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Given the conducted analysis of the use by many authors of the argument of the characteristic
polynomial function to determine the domain of the roots of a stable system, it is expedient, in
our opinion, to use the frequency domain to analyze the stability of systems with fractional-order
derivatives.

2. The problem formulation

A characteristic polynomial of a closed dynamic system with integer derivatives has the form:
H(s) = ags™ + a1s" ' +ags" 2+ ...+ apn_15+ an. (1a)

In fractional-order systems, when the Riemann—Liouville or Caputo formulae are used to describe a
derivative of the fractional order, we pass to such a form of the polynomial by applying the Laplace
transform by finding the common denominator « of all terms of the fractional order:

H(d) = bod™ + byd™ " + bod™ > + ... + by_1d + by, (1b)

1/a

where d = s*/¢. With this, the degree of the polynomial increases significantly. Thus, in this case,

when « = 16, then to obtain an analogue of an integer polynomial of the n-th order m = 16n.
According to the basic theorem of algebra, any polynomial can be written as follows:

H(s)=ag(s—p1)(s—p2)(s—p3)...(s—pn)- (2a)

where p1,p2,ps,...,Pn are polynomial roots. Accordingly, for a polynomial of fractional order, the
form of the polynomial is as follows:

H(s"*) = bo(d—p1) (d = p2) (d = p3) ... (d = pm)

= bo(s"/* — p) (s — pa) (s — ps) ... (s = ppa). (2b)
When passing to the frequency domain by substituting s — jw for an integer polynomial we obtain:

H(jw) = ap(jw)™ + a1(jw)" ' + a2 (jw)" 2 + ... 4 ap_1(jw) + an
= ao(jw — p1)(jw — p2)(jw — p3) ... (jw — pn). (3a)

and, accordingly, for a polynomial with fractional coefficients:
H (7)) = bo (i) /)™ + by () )™ b () )" o b (50) 7 4 b

= bo((J)/* = p1) ()™ = p2) ((J)* = p3) .- () = pm)

= by (5w — p1) (j*w* — pa2) (jw* — p3) ... (jW* — pm). (3b)

where w* = W'/ = ¢/w.

In the general case, the trigonometric form of a complex number z = a + j b is written as:
z=r(cosp+jsing) =re?,
where r = Va? 4+ b2, and ¢ = arctan (a/b).
Thus, for an integer polynomial:
n n
H(jw) = ag H (rie #1) = ag H rpel =1 P
i=1 i=1

where the argument of the function H(jw) is equal to ¢ = > 1" | ¢;, is determined as a sum of the
arguments of all multipliers.
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Let us analyze the influence of the roots on the argument of the function H(j%/%w*) in the case of
a fractional-order system. Consider two cases: the first case, when any number « is within the range
a € [1;00] and the second one, when a €]0; 1] which includes the range 1 < 1/a < 2, which is used to
analyze fractional-order systems.

When using de Moivre’s formula for natural a:

vz VTl < arg(z) + 2km 4 jsin arg(z) + 2]{771')
o o
we obtain: ok ok
f—f<0082 7T—I—jsm277T>
a o
and for k = 0: {/j = cosg= + jsing=. In the case of fractional a« = A/f for k = 0 we obtain

™3
COS 3y

. B /B
]1/a:]A: )\] =

+]sm

use]

For the first case a € [1; 00], let us demonstrate the influence of roots on the change of the argument

of the function H(j'/*w*).

a) The case of the real root in the left half-plane (Fig. 1).

A
a=2

jl/aw* —m

Jw

A

jl/aw*

T/ (2a)

a

A
a=3/2

jl/aw* —m

Jw

A

jl/aw*

7/ (2a)

Yo

b1 O

For the frequency w* = 0, the vector j'/2w
increasing frequency w* — oo, the rotation angle of the vector j

Fig. 1.

b1 0

— p1 occupies a position —p1.

1/2,,

In the case o = 2 with

*—prisequal to /4 =7/(2-2)

counterclockwise. And in the case a = 3/2 with increasing frequency w* — oo, the rotation angle of

the vector j2/3w*

—p1 is equal to /3 = w/(2 - 3/2) counterclockwise. Thus, the argument ¢ of the

function H(j'/*w*) in the case of a real root being in the left half-plane increments by Ap = 7/(2a).
If the polynomial (3b) has ¢ real roots, the increment of the argument will be Ap = e /(2a).
b) The case of the real root in the right half-plane (Fig. 2).

AJw A Jw
a=2 A a=3/2 A
jl/aw* jl/aw*
joe — p, jlew —p,
/D1 a / P1 ya\ a
o A\ = - \ >
0 T —7/(2a) 0 T —7/(2a)

For the frequency w* = 0 the vector j
w* — 00, the rotation angle of the vector j1/2w*
rotation angle of the vector j

2/3

1/04

Fig. 2.

*

— p1 occupies a position p;. With increasing frequency
— p1 is equal to 37/4 = m — w/4 clockwise, and the
w* — py is equal to 27/3 = m — w/3 clockwise. Thus, the argument

¢ of the function H(j 1/ w*) in the case of a real root being in the right half-plane increments by

Ago = —(m —7/(2a)).
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c) Consider the case of a pair of complex-conjugate roots in the left half-plane (Fig.3) without
losing generality when a = 2.

AW AJw
a=2 |7 jl/aw* a=2 jl/o‘w* —p1
Ve //
| TEON jewr
// /7 7/
7/ (2aN_ - 4 o
/ _/_,_ jl/aw* — s jl/o‘w* — Py
/ ’
2 7/(2a) a P L a
77 ¢ CO/
b2 d
Dol |7/ (20)
a b
Fig. 3.

In the case of location of roots which corresponds to Fig.3a, when changing the frequency from
w* = 0 till w* — oo, the rotation angle of the vector j'/2w* —p; is equal to 7 /44 counterclockwise, the
rotation angle of the vector j%/2w* — py is equal to /4 — 7 counterclockwise too. Thus, the argument
¢ of the function H(j'/2w*) changes by the value 7/4 + v 4 7/4 — v = 27 /4. In the case of location
of roots which corresponds to Fig.3b, when changing the frequency from w* = 0 till w* — oo, the
rotation angle of the vector j%/2w* — p; is equal to /4 + ~ counterclockwise, and the rotation angle
of the vector j1/2w* — py is equal to v — 7 /4 clockwise. The argument ¢ of the function H(j1/2w*)
changes by the value /4 +~v — (v —7/4) = 27 /4.

In the general case, each pair of complex-conjugate roots in the left half-plane changes the argument
¢ of the function H(j/*w*) by the value Ay = 27/(20).

d) Consider the case of a pair of complex-conjugate roots in the right half-plane (Fig.4) without
losing generality also when a = 2.

Ajw s Ajw
a=2 /// Y
1/, %
L JHw
/
S 1/, %
7 J W =1
P jl/aw* —p

7/ (2a
; Ajg)
Y /7

/
7/

>0 n/(2a)

Fig. 4.

In the case of location of roots which corresponds to Fig.4a, when changing the frequency from
w* = 0 till w* — oo, the rotation angle of the vector j1/2w* — p1 is equal to 57/4 — v counterclockwise,
and the rotation angle of the vector j/2w* — py is equal to 3w /4 — v clockwise. Thus, the argument ¢
of the function H(j'/?w*) changes by the value 5m/4 — v — (37/4 —~) = 2w/4. In the general case,
each pair of complex-conjugate roots in the right half-plane located in accordance with Fig. 4a changes
the argument ¢ of the function H(j/%w*) by the value Ay = 27/(2a).
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In the case of location of roots which corresponds to Fig.4b, when the frequency is changing from
w* = 0 till w* — oo, the rotation angle of the vector j1/2w* —p1 is equal to 3w/4+ clockwise, and the
rotation angle of the vector j'/2-w* — py is equal to 37 /4—~ clockwise. The argument ¢ of the function
H (j'/?w*) changes by the value — (37/4 4+ ) — (37/4 —~) = —2-37/4 = —2 (7 — 7/4). Thus, each
pair of complex-conjugate roots in the right half-plane located in accordance with Fig.4b changes the
argument ¢ of the function H(j'/®w*) by the value Ap = —2 (1 — 7/(20)).

In the case o = 1, we transit to an integer system. The function H(j'/?w*) = H(jw), the axis
j/?w* coincides with the axis jw and for w — oo the argument of the function ¢ = Yoo =10
since each real root located in the left half-plane provides the increment Ap = 7/(2a) = 7/2, and
each pair of complex-conjugate roots, which are located in the left half-plane, changes ¢ by the value
Ap = 21/(2a)) = 2mw/2. As it is known, the location of the roots of an integer system in the left
half-plane automatically ensures the stability of such a system.

By analogy with an integer system, a necessary condition for the stability of a system with deriva-
tives of fractional order is to ensure the equality of the argument ¢ of the function H(j 1/ *w*) to the
value m /(2c) (where m is the polynomial degree (3b) when w* — co. And accordingly, a polynomial
of the form (3b) can be interpreted, by analogy with integer systems, as a characteristic polynomial of
a system with derivatives of fractional order.

The conducted analysis of the influence of the location of the roots of the polynomial (3b) in the
case a € [1;00] makes it possible to determine the boundaries of the sector of unstable operation of
the system in the right half-plane as +7/(2«).

Let us demonstrate the influence of roots on the change of the argument of the function H (j 1/ *w*)
for the case a € ]0; 1.

a) The case of the real root in the left half-plane (Fig.5).

The resulting rotation angle of the vector j3/2w* — p; when changing the frequency from 0 to oo is
equal to 37 /4 counterclockwise. Therefore, the argument ¢ of the function H(j'/®w*) in the case of a
real root being in the left half-plane also increments by Ap = 7/(2«).

jl/aw* - jl/aw*

N -1 * . %
AN Jw jowt — py
\\ 2
TR /e .
19) o O] np1 "
Fig. 5. Fig. 6.

b) The case of the real root in the right half-plane (Fig.6).

The resulting rotation angle of the vector j3/2w* — p; when changing the frequency from 0 to oo
is equal to 7/4 clockwise. Thus, the argument ¢ of the function H (j 1/ *w*) in the case of a real root
being in the right half-plane increments by Ay = —(7 — 7/(2).

c) Consider the case of a pair of complex-conjugate roots in the left half-plane (Figs.7) without
losing generality when o = 2/3.

In the case shown in Fig.7a when changing the frequency from w* = 0 to w* — o0, the rotation
angle of the vector j3/2w* —py is equal to 3w /44~ counterclockwise, and that of the vector §32w* —py is
equal to 37 /4—- also counterclockwise. Thus, the total angle changes by the value 37 /4+~y+37/4—~ =
2 -37w/4. In the general case, each pair of complex-conjugate roots in the left half-plane, located in
accordance with Fig. 7a, changes the argument ¢ of the function H (j/*w*) by the value Ay = 27/(2c).
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jw
jl/aw* \J
j Wt = pr
jl/a
¢
a b
Fig. 7.

For the case of location of roots shown in Fig.7b, when changing the frequency from w* = 0 to
w* — 00, the rotation angle of the vector j3/2w* — p1 is equal to 5m/4 — 7 clockwise, and that of the
vector j3/2w* — py is equal to 37 /4 — ~ counterclockwise. Then the total angle of rotation is equal to
— (57/4 — ) 4 31/4 — v = —27/4. Thus, the argument ¢ of the function H(j'/*w*) in the case of a
pair of complex-conjugate roots in the left half-plane, located in accordance with Fig. 7b, increments
by Ap = =2 (7 — 7/(2a)).

d) Consider the case of a pair of complex-conjugate roots in the right half-plane (Fig.8) without
losing generality also when a = 2/3.

AJjw
4 o= 2/3 \

Fig. 8.

In the case shown in Fig. 8a when changing the frequency from w* = 0 to w* — o0, the rotation angle
of the vector j3/2w* —p; is equal to /44~ clockwise, and the rotation angle of the vector §32w* —poy is
equal to 7 — m/4 counterclockwise. Thus, the total angle changes by the value — (/4 + ) +~vy—m/4 =
—2m /4. For the case of location of roots shown in Fig. 8b, when changing the frequency from w* =0
to w* — 0o, the rotation angle of the vector j3/2w* — p; is equal to /44 v clockwise, and the rotation
angle of the vector j3/2w* — py is equal to m/4 — v also clockwise. Then the total angle of rotation
equals — (m/4+~) — (r/4 —~) = —27n/4. Thus, in the general case, a pair of complex-conjugate
roots in the right half-plane changes the argument ¢ of the function H (jl/ “w*) by the increment
Ap = =2(r —/(2a)).
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Thus, on the basis of the conducted analysis of the influence of the roots of the polynomial of
the form (3b) taking into account the formulated criterion regarding the value of the argument ¢ of
the function H (jl/ “w*), the zone of stable operation of the system in the left half-plane has limits
+ (m — 7/(2a)) for o € [0.5; 1[. When o = 0.5, the zone of stable operation becomes equal to 0. Thus,
in the range 0 < a < 0.5 the system is unstable. It should be noted that when o = 0.5 we are
dealing with an integer characteristic polynomial in which there are only even polynomial orders and,
accordingly, the necessary condition for the stability of the system, in accordance with the classical
control theory, is not fulfilled.

A polynomial of the form (3b), using de Moivre’s formula, can be changed to the form:

H(jY%w*) = by ((cos T —i—jsinl) w* —p1> ((cos T + jsin l) w* —pg)

2ay 2ay 2ay 20
T o.om . T U .
x((cos%—kjsm%)w —pg)...((cos%—l—jsm%>w —pm>

=UW")+jV(w").

Then, taking into account the above analysis of the influence of roots, the criterion of stability for
a system with fractional-order derivatives can be formulated as follows: for the stability of a system, it
is mecessary that the hodograph starting at w = 0 on the positive side of the real axis, with increasing
w to 0o passes successively through the mm/(2a)) sectors of a complex plane, where m is the order of
the polynomial.

When o = 1 (polynomial of integer order), the proposed criterion corresponds to the classical
Mikhailov criterion.

Consider the application of the proposed criterion on examples of systems with fractional-order
derivatives. Let the system be described by a characteristic polynomial:

H(27) = 02 + an (1Y20)? 4 /% + a

We pass to the polynomial with integer j using the transform %/ = cos 55 +7sin g5 when a = 2.

/)

Thus, after the substitution j/2 = cos 7 + jsing = %=(1 + j), the characteristic polynomial of the

system has the form:

H(jw*) = agj g(l + )W)+ a j (w*)? +a2§(1 +j)w* +az

and respectively:

2 2
U(w*) = —ap g (W*)? + ag gw* + ag,
2 2
V(w*) = ag % (W) + a1 (W)? + as Tw*.
Then, when w* = 0: U(w*) = a3, V(w*) =0, i.e. when ag > 0, the hodograph starts on the positive
side of the real half-axis. For w* — oo, the resulting angle of rotation is found from the expression:

a (w*)3 <§ + a + 2a\0/(§53)2>

tan(p) = e
ag (w*)3 (‘@ + 2a\()/(§53)2 + ao(aoj*)3>

and after the evaluation of ambiguity tan(¢) — —1, and hence, when ag > 0, the angle ¢ — 37 /4.
Therefore, the stability criterion holds with respect to the resulting angle of rotation. The sequence
of passing the sectors will ensure the fulfillment of the condition wj > w3, where wj is the frequency
determined from the equation U(w*) = 0, and the frequency w3 is determined from the equation

U(w*) = V(w*).
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a A pair of complex-conjugate roots in the left half-
plane and a real root in the left half-plane.
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¢ A pair of complex-conjugate roots in the right half-
plane, which are located in the zone of stable work,
and a real root in the left half-plane.
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d A pair of complex-conjugate roots in the right half-
plane, which are located in the zone of unstable work,
and a real root in the left side.

Fig. 9. Hodographs of the third-order system at different locations of roots in a complex plane.

-30
-25

25

Fig.10. Hodographs of the third-order system.

The hodographs obtained for the third-order sys-
tem (Fig. 9) identify the stable and unstable systems
for the characteristic third-order polynomial with
the basis s'/2. For the systems whose roots are lo-
cated in the zone of stability, the hodograph suc-
cessively passes through three sectors of a complex
half-plane of 7/4 size.

Only the behavior of the hodograph of the sys-
tem with a pair of complex-conjugate roots in the
right half-plane (located in the zone of stable work)
and with a real root in the left half-plane requires
separate consideration. In this case, under certain
relations of the roots, the coefficient of the char-
acteristic polynomial ao has a negative sign, and
within the frequency range w < 1, the component
V(w*) < 0. The hodograph of the system has inter-

sections with the axis of real numbers (Fig. 10), which is characteristic of an unstable system. Upon
further change of w, all conditions that define a stable system hold.
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Fig.11. Hodographs of the third-order system for different locations of roots in a complex plane.
In the case of a characteristic polynomial:

H(j?’/zw*) = ay (j?’/zcu*)3 + al(jg/Qw*)2 + ag 53w + as

the components of the real and imaginary parts are determined by the expressions:

2 2
U(w*) = aog(w*)?’ — aggw* + agz,

2 2
V(w*) = aog(w*)?’ —ay(W*)? + (12%(4)*.
The hodographs obtained for the third-order system (Fig.11) identify the stable and unstable
systems for the characteristic third-order polynomial with the basis s*/2. Only the hodograph in
Fig. 11a successively passes through three sectors of a complex half-plane of 37 /4 size.
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Thus, the proposed criterion of stability provides an analysis of the stability of the systems with
fractional-order derivatives when « is changing a € ]0.5; 00[.

3. Conclusions

1. In the system being described by a characteristic polynomial with a basis /¢, when a changes
a €]0.5; 0], the boundaries of the zone of stable operation in a complex plane are determined by
the angle + (7 — 7/(2«)) calculated clockwise from the real half-axis in the negative half-plane.
For a < 0.5, the system is unstable or is on the stability boundary.

2. A necessary condition for the stability of a system with fractional-order derivatives is ensuring the
equality of the argument ¢ of the function H(j/%w*) to the value mm/(2a) (where m is the order
of integer polynomial with basis s/ @) when w* — oc.

3. The application of de Moivre’s formula makes it possible to transit from the polynomial H (j 1/ *w*)
to the polynomial H (jw*) and to form a criterion for the stability of a system on the basis of a
classical hodograph built in the coordinates of real U(w*) and imaginary V(w*) parts.

4. Some classical criteria of stability of systems with integer derivatives are obtained as a partial case
of the used approach to the analysis of stability of systems with fractional-order derivatives when
a=05and a=1.
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YHacToTHuiA KpuTepii gns aHanily CTIMKOCTI CUCTEM 3 NOXIAHUMN
ApoboBoro nopsaaky

Jlosuncokuii O. FO., Kanenok I1. 1., Jlosuncekuit A. O., Kama JI. B.

Haugonarvrut ynisepcumem “/Iveiscora nosimexnira”,
eyn. C. Bandepu, 12, 79013, Jlveis, Yxpaina

Ha ocnoBi anasizy BIUIIBY KOPEHIB XapaKTEPUCTUIHOI'O TOJIHOMa HA ITPUPICT aryMeHTa
9aCTOTHOI XapPAKTEPUCTUKU CHCTEMU 3AIIPOIOHOBAHO YaCTOTHUI KpUTEpiil crifikocTi cu-
CcTeMH 3 MOXiTHUMH ApOOOBOTO MOPSAKY. BU3HAYEHO B KOMILJIEKCHIN IJIOMIUHI MeXKi 30HI
PO3MillleHHS KOPEHIB XapaKTePUCTUIHOI'O TTOJIIHOMA CTIMKOI CUCTEMU IIPU 3MiHI ITOKA3HUKA,
(¢ OCHOBH XapPaKTEPUCTUIHOI'O ITOJIIHOMA.

Knrouosi cnoBa: noxidna dpo606o2o nopadky, kKpumepit, cmitkocms, 2panuys cmitdroc-
mi.
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