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The paper presents design of cascaded DC-link voltage control systems for bidirectional buck-boost DC-DC converters
which supply high dynamic loads such as IPMSM electrical drives. A new design methods applied for class of commu-
tated DC-DC converters, which known as strongly nonlinear and non-minimum-phase plants, improved not only their
dynamic performance but defined a new system features and therefore new opportunities for their further development
and optimization. Control algorithm based on PI current and voltage controllers forms the composite system which
consists of two linear stable subsystems in a nonlinear feedback loop suitable to apply the theory of cascaded systems
with two time-scale separation of the control loops dynamics. As it follows from the analysis after linearization, the
load current acts not only as external disturbance but defines closed loop systems parameters as well, and consequently
their dynamics and stability. To overcome this problem the combination of two technologies has been proposed for con-
troller design: a) “symmetrical” like optimum with worst-case system tuning in order to preserve system stability mar-
gin depending on maximum values of loads, b) disturbance rejection technique to improve accuracy of voltage regula-
tion on the base of direct load current measurement or estimation. Two technologies do not contradict each other since
later one is an intrinsically open loop. When DC-DC converter is used as power supply of vector controlled drives the
required load information is computed from the power balance equation of complete electromechanical system ‘DC-DC
converter — electrical drive’. The composite electromechanical system ensures high dynamic performance and extended
power capability of the DC-DC converter, which is confirmed by the results of experimental tests and simulation study
based on experimental transients of the electrical drive. References 13, Fig. 7, Table 1.

Keywords: DC-DC buck-boost converter, control algorithm, electrical drives, voltage controller, stability, load current
compensation.

Introduction. Bidirectional DC-DC buck-boost converters (also known as two-quadrant converters)
are widely applied in electric vehicles, energy storage systems, power sources etc. in order to regulate the
output DC-link voltage [1, 2]. The control systems of DC-DC power converters must provide the specified
dynamic performance and stability properties with respect to ‘heavy’ variations of load current, including
those that are close to critical values, defined by the power balance equation [3, 4]. The control problem is
further complicated by significant nonlinearity and non-minimum-phase nature of the converter model due to
presence of the right-half-plane roots of the linearized model characteristic equation.

Since 1990s, the DC-DC and AC-DC converters established a class of controlled plants known as
“switching power converters”. The control theory of such systems was developed in a significant number of
fundamental and technical studies which are summarized in [1 — 5] (see references therein). Variety of meth-
ods, based on classical control theory and advanced methods of modern nonlinear control using the consid-
eration of both, converter averaged coordinates [6] and its instantaneous values, have been proposed by both
theoretically and technically oriented control societies. Many modern solutions, for example, model predic-
tive control [7], allow to achieve high dynamic performance, but the dynamic behavior is difficult to specify
during controller design. The algorithms, designed using passivity-based control technique [5] and second
Lyapunov method [8, 9], do not provide predefined dynamic performance as well. In [10] it is shown that
nonlinear DC-DC model is feedback linearizable in energy-based state-space (total system energy and in-
stantaneous power). The resulting dynamic system is linear and stable provided that constraints of the power
balance equation are satisfied. Such feedback linearizing controller cannot be implemented in practice since
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the exact parameters of the energy storage elements (DC-link capacitance and input circuit inductance) are
needed to compute the regulated energy. Only a few control methods provide the effective inductor current
limitation.

As it follows from the literature analysis and a practical viewpoint, the most widespread approach is
application of state feedback control structure, which consists of cascaded current and voltage control loops
having different modifications of proportional-integral (PI) controllers. They, de-facto known as ‘standard’
systems, are sufficiently robust, provide effective internal variables limitation, and relatively simple in im-
plementation. For the most algorithms, controller design and analysis are based on simplifying assumptions
due to complexity of significant nonlinearity and non-minimum-phase nature of the converter model. Such
approach gives quite satisfactory results for load currents, which are relatively small, compared to power bal-
ance critical values.

In the first part of this research [11], authors proposed new design and analysis of the DC-DC con-
verter cascaded control system, which is based on partial feedback linearization and two-time scale decom-
position leading to special nonlinearly interconnected structure of the two linear asymptotically stable sys-
tems in a feedback loop As a result, linearized system shows that load current acts not only as an external
perturbation but also changes parameters of the closed-loop system, defining in such way stability margin
and transient performance. This feature opens perspectives for improving the overall control algorithm using
load current information for implementation of available control techniques to stabilize system dynamics and
compensate disturbances. The focus of this research is primarily oriented on power DC-DC converters,
where suitable dynamic performance and extended stability range with respect to heavy load currents are
required, for example, to supply the electric vehicle (EV) drive systems based on vector-controlled [IPMSM.

The aim of this paper is to develop a novel, load current dependent control algorithm for cascaded
control systems of the bidirectional DC-DC buck-boost converters supplying the high dynamic active loads
to ensure improved system dynamic performance and extended load current range.

DC-DC buck-boost converter control. A standard schematic diagram of the DC-DC converter is
shown in Fig. 1, where V. and i are DC-link voltage and input current; #; is load current; L, R — input circuit

inductance and internal resistance; E is power supply voltage; C — out-

put capacitance; O, é — control signals of the switches. It is assumed

that all electrical elements are linear, parameters are constant, transis-
tors are ideal, which are turned on/off in a complementary way main-
taining DC-link voltage at a reference level.

Mathematical model of DC-DC converter is [1]

. z =%([1 ~u, Vi =V, )
Fig. 1 ’::%(‘R"‘[l_“ Wi+E),

where z =V, and the switching function is defined as

u, ={0,1}. (2)

The controlled variable in (1) is the square of DC-link voltage z, the control action is the switching

function uy,, and the load current 7, is the disturbance. The model (1), (2) is nonlinear and non-minimum-

phase [5]. The control action uy, is a discontinuous function formed as a PWM-signal. Under conditions of
correctly selected switching frequency, the model in averaged coordinates [6] is equal to

z= 2 ui-V,i ),
: lc ( | de L) (3)
i ZZ(—RZ +E—u),
where
u=A-u,V,, “4)
and uy, is a continuous in time and bounded signal.
Consider model (3) and the following assumptions.
A.1. Reference voltage and input voltage: V, >0, V, =const, E>0, E=const, z =V,’ = const.

A.2. All parameters are known and constant, i; = const.
A.3. Input current i and voltage E, and DC-link voltage V. are available for measurements.
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Under condition of these assumptions, it is required to design a control algorithm which guarantees
asymptotic voltage regulation, i.e.

limz=0,%=z-2", ®)]

where Z is the DC-link voltage regulation error.

Voltage and current control. The nonlinear transformations z=V, and u=(1-u,)V, in (4) per-

sw

form the first step in partial feedback linearization of the DC-DC converter dynamic model.
Following the cascaded systems design procedure, we construct the linear PI current controller as

u=E-Ri"+v, v=L(k,+kx), ©)
X =1,

where i =i—i" is the current regulation error; i" is the reference current (output of the voltage controller);
(kiz, ki) > 0 are the proportional and integral gains of the current controller.
Substituting (6) into second equation of (1) the resulted current error dynamics is given by
X, =i
i=—ki—k,x —i, M
where k; = k;; + R/L.
Controller (6) provides compensation of the time constant L/R in the 2™ equation of (1) if controller
tuning is selected as Lk;; = R/t;, k;; = 1/1;, where 1; is current control loop time constant. The resulting current
loop dynamics is reduced to

%__i?_ *
1 = ’E_l 1. (8)

i

it goes that

dc>

From the definition (5) and V, =V, —V,
a4 2 . z . * *

=,V i=—"—i +V, i,V i =const.
de I/dc_i_V;c dc”L V:{g_"_V;’C L dc"L de”L

Taking into account (6), voltage dynamics becomes

~ 2 i ~ ok oK i * .
Z:E(_V‘kiV‘;Z+(E_Rl +U)(l +l)—VdclLJ. 9
Since (E — Ri") = E > 0, a linear PI-voltage controller can be designed from (9) as [11]
- C1 ~
=g phEkx), (10)
X, =2z,

where (k,, k,;) > 0 are the proportional and integral gains of the voltage controller.
Combining (7), (9), (10) the resulting voltage-current dynamics is given by

X =2z,
. (2 1 . E-R',\). E-R 2 PR 11
Z:_(EH+KZZL+ - kaz— - kw.xv+E(Uz +(E=Ri" +v) =V,i, ), (1D
X, =1
n=h . 12
i=—ki—kx—i, (12)

where v = L(k,i +k,x,), (2/C)i,/(V, +V,)+k (E-Ri")/E>0.

System dynamics analysis and controller parameters tuning. Nonlinear non-minimum-phase sys-
tems (11) and (12) describe dynamic behavior of the voltage and current control loops and present a nonlin-
ear feedback-interconnection of the two linear asymptotically stable systems (in the isolated state). Stability
analysis and dynamic performance specification for the controller tuning of the composite system (11), (12)
has been performed using two-time scale separation approach on the base of linearized dynamics. According
to the theory of cascaded systems the inner current control loop should be at least several times faster than
the outer voltage control loop [11].

Since inductor resistance is parasitic one, we consider system with R =0 under no load condition

Vi, =0 . Neglecting bilinear nonlinearities in (11) we obtain (for current controller tuning according to (8)):
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%, =3,
Ez—kvf—kvixv+%Ef, (13)
* : C1 i -

i =—ki, +3E(kvz+kw.z).

Linearized structure (13) allows to study stability of the equilibrium point (x,,Z,7) =0 on the base of
so-called “nominal” dynamics. The open-loop transfer function corresponding to (13) is equal to
2&t,p+1) 1
W — vy . ,
rl(p) Tipz (,Cip+l)
®,, 1s the frequency of the undamped oscillations of the isolated voltage control loop;

(14)

where 1 =), =k,
o, =T, =k, k,=2C w,, where {, is the damping coefficient in the voltage control loop.
System dynamics described by the open-loop system transfer function (14) corresponds to the struc-

ture which allows tuning according to “symmetrical” like optimum with o, =pw»,,, p= 2\2 +4 [11]. The
standard tuning with {=1 (k,=k’/4) or sz@/2 (k, =k’ /2) typically is used for 2"_order isolated
voltage loop dynamics with the characteristic frequencies of (14) are located at 2 octaves from the cutoff fre-
quency. Important to note that “nominal” dynamics has well-defined dynamic performance and is robust to
bounded parameter’s perturbation.

If i, # 0 but bounded the structure of (11), (12) is strongly nonlinear and can be viewed as “nominal”
linear one (13), perturbed by load-dependent terms as follows from open-loop transfer function given by

L . 1 .
(28,75 + 1)[1 - Esz(,stJ + { v i s(Ts + 1)}
TP (sl ‘

W.(s)= (15)

Study [11] suggests to use condition p > 22 for the stability margin increase with respect to load
perturbations. With such tuning there exists maximal value i, when linearized system (15) is asymptoti-
cally stable provided that load current i; < i and, therefore (xv,Z,z7 ) =0 is a locally asymptotically stable
equilibrium point of the nonlinear system (11), (12). The importance of such representation is that the lin-
earized system allows to define the influence of Vi, not only as external disturbance but also to assess its

effect on the parameters of the closed-loop system. Therefore, the proposed presentation enables analysis of
the impact of i; on system stability and dynamic performance. For this purpose, a characteristic equation of
the system (15) is convenient to present in the following form:

v’ + Tk, (1)’ + Tk (i,)s +1=0, (16)

where k(i) =k, +i [ (CV.)=Lk Vi | E*, k,Gi,)=1+1i /(CV.)=LkV_ i | E*.

From the conditions k;(i;) > 0 and k;(i;) > 0 it follows that for fixed t; the voltage controller tuning
parameters (k,, k,;) should be different for different values of load current.

The initial voltage control loop tuning is based on the standard “symmetrical optimum” for i, = 0:
®y;, = POy, P = 22, C= V2 / 2 with fixed desired (achievable) current loop dynamics, defined by o), =71,".
As result of computation, the initial voltage controller gains are defined as: k, =2 o,,, &, =o;,.

In case i; = const or slowly varying, the direct adjustment of voltage controller gains (k,, k) as a
function of measured i; can be implemented in order to improve dynamic performance and increase the load
capability as compared to standard “symmetrical optimum” tuning.

In contrast to most spread power supplies with constant loads, the control systems of EV battery
supply should provide the suitable dynamic performance and extended stability range with respect to heavy
and rapidly changing bidirectional load currents. In such systems maximum values of the load currents
should be considered to define the “worst-case” tuning for |iL|<i i, =const. One of possible ap-

— "Lmax > "L max
proaches is to find the appropriate relation k,(i,, . ) with k(i) =k’(i,,..)/(2+4) in order to set the

same system stability margin under different load currents, for example, considering system Bode diagrams
or other available techniques for linear systems with varying parameters.
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Tuning example. The model parameters of the studied DC-DC converter are given in the Appen-
dix A. Input voltage £ =130 V, ¥, =300 V. Current controller is tuned at: 1,' = ®,, = 1800 rad/s.
Following the approach, leading to the same phase stability margin for different load currents, the

required data are reported in Table, obtained from
the Bode diagrams for W,(s) (15), shown in Fig. 2, a.

Transients for standard “symmetrical opti-
mum” (k; = 1800, k, = 900) are depicted in Fig. 2, b
for a set of load currents i, = [0.5, 3] A. Load current

No. of test 1|23 |4|5]|6
Load current ip, A 0 (051 2] 3|S5
Proportional gain k, 900|900 770|600 |495|370
Cut-off frequency, rad/s 900 /903|793 | 643 | 546 | 425
Phase stability margin, deg.| 37 | 31 | 31 | 31 | 31 | 31

was applied at #=0.05 s and removed at = 0.15 s
with limited rate of 1 A/ms. Note that the system is unstable for i, = 5 A. Transients for the proposed tuning

according to Table for iy < ijms =5 A (k, =1800, k, = 370), which are shown in Fig. 2, ¢, demonstrate stable

operation for all currents i < ifmax.
Improved control with direct load compensation. The main limitation of the approach which con-

siders voltage controller worst-case tuning depends on the robustification mechanism: for increased load cur-

rent the cut-off frequency of the voltage control loop requires to be reduced in order to maintain the same

phase stability margin. This leads to reduction of dynamic accuracy while quality of voltage transients re-

mains almost the same (see Fig. 2, ¢).

Magnitude L (dB)

DC-link voltage regulation error ¥V de V)

40 e

—1-i =05A

2-iL=3A

o
0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 t,s
b
DC-link voltage regulation error V de V)

0 .l
210 L-i; =0,k =900 g \\\ 1 1(5) 1-i =05A |
ouol — == 271 =05 Ak =900 \\\.\ RN 4 .15t 2-ip=3A
e 3-i =5A,k =370 S S~ _ | 20} 341 =5A

=270 - 1 L e A 25 L | L | | | |
10! 102 10 104 105 0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 t,s

a c
Fig. 2

In order to improve dynamic accuracy during load compensation by action of voltage controller with
worst-case tuning we propose to apply disturbance compensation technique. The designed cascaded control
system (11), (12) has physically based structure which forms regulation current by high-speed inner control
loop according to power balance equation.

As it follows from equation (11) the load perturbation has physical meaning in the terms of output

power Vi, according to power balance equation in steady-state Ei—Ri’—V,i, =0 and therefore current

. E-\E’-4RV,i,
.= R .
The modified dynamic voltage controller with load compensation component is constructed on the

base of (10) as follows (R = 0):

reference trajectories are computed as:

%, =3, (17)
E=—vE+1, (Vi0)),

where ¢ is filtered load compensation component; 1t/ is the a small time constant of low-pass filter to limit
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signals derivatives and to adjust speed of load compensation.
Dynamics of the voltage and current errors with controller (17) can be written as (R = 0):

- _[E%h +kvj§_kw'xv +%§+%(Ui* +(E+o)17—V,;iL),
| Ve, (18)

; 1 - z - 1 - Ayt
=itk ik -2 (e 7 (V).

From (18) it follows that lim&(¢) =V, i, in steady-

i E™ ; state, providing disturbance compensation. On the other hand,

! Load load compensation given by (17) is open-loop and therefore

YeSEERE should not have negative effect on system stability, even

LR more for small 1, with fast enough current loop, the distur-

—v} T, ¥ bance rejection is fast as well [12]. The block-diagram of the
| o541 closed-loop system is shown in Fig. 3.

k, 4= e Results of experimental and simulation investiga-

—i'Tc ) £ i lﬁl‘ tion. The two sets of experimegtal tests were perfonned to

22| = ST show the effec.tlve'ness of th¢ 'd.es1gned control algorithm with

de’t disturbance rejection capabilities. The first one for constant

Fig. 3 active current of the both directions supplied by current

source inverter, developed in [11]. During second test, the DC-DC converter supplies highly dynamic elec-
tromechanical system based on vector controller IPMSM.

Constant load test. The experimental setup consists of a DC-DC converter powered by lithium-ion
batteries E = 54 V, PWM frequency of 10 kHz with 2 us “dead time” was set, ¥, =100 V, ¥, (0) =54 V.

The positive load current 1 A was applied and removed at £ =0.1 s and 1 =0.2 s, followed by the same re-
generative load. Identical controller tuning is used for both control algorithms with and without disturbance

compensation: t, =1000 rad/s, k, =300, k, =k’ /4 (L, =1). 7, =0.005 s, sampling time 100 ps. Note that

in order to demonstrate effectiveness of the load current compensation, the sufficiently large time scale sepa-
ration between control loops, equal to p = 6.7 is set.

The transients are shown in Fig. 4: a — controller (4), (6), (10) tuned at “symmetrical optimum” (ex-
periment); b, ¢ — controller with load compensation (4), (6), (17) (experiment and simulation). Comparison
of experimental and simulation transients, shown in Fig. 4, demonstrates the effectiveness of the combined
control technique applied: accuracy of voltage regulation has improved by almost an order of magnitude with

DC-link voltage regulation error Vdc , (V) Input current i, (A)
_1 IEI ! 4 i 1 ' i 3
‘-.EI I:I
10 - : : - 4k - : . | .
0 0.1 02 03 04 Ls 0.1 02 03 04 L.z
a
10 s
0 R 0
_16, l ] | l 4 ! i b !
0 0.1 (.2 03 04 L.= b 0.1 02 >3 04 L=

Fig. 4
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DC-link voltage regulation error Vdc , (V) Input current 7, (A)

10
"Iil’ ‘l‘-u\__q_ ]I,L ﬂv Iy -
_15 5 L i I 4 X L " L E
] 0.1 0z 03 04 t.= 0 0.1 02 03 04 t.s
c
Fig. 4

no stability degradation. Although system dynamics is quite nonlinear, the voltage errors have small ampli-
tude and are well-damped.

Dynamics of the composite system ‘DC-DC converter — AC drive’. The simplified block-diagram of
the tested electromechanical system based on vector controlled [IPMSM is shown in Fig. 5. The DC-link of
motor inverter is powered by the tested DC-DC Converter.

Input current controller

.DC-link voltage controller

k, POPIC/2
|

= 1.5ud, +u,i,) Vo |[<E2 Gyt V,)

B
- li.
g-axis current controller

d-axis current |
controller :

g
d

1

Mechanical
part

SR

Fig. S

Dynamics of the composite control system has been studied by simulation using the precomputed
load current 1, , based on the experimental transients from IPMSM speed control system test, shown in Fig. 5.

Note that DC-link voltage dynamics may be considered as decoupled from the motor dynamics due
to compensation mechanism in PWM computation. In Fig. 5, (is i), (44 u,) are the stator currents and volt-

ages in rotor oriented reference frame (d — ¢); ® is the rotor speed; o is the speed reference; ®=w— o de-
notes speed tracking error; i; is the g-axis reference current; VS1, VS2 and CS1 — CS3 are voltage and cur-

rent sensors. For experimental and simulation tests the high dynamic performance speed tracking control al-
gorithm has been used [13] with d-axis current reference set to zero.
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The following operation sequence was applied to the IPMSM electric drive: 1) the unloaded motor is
required to track the reference speed trajectory o (£) with limited first and second time derivatives starting at
t=0.1s from zero speed to 100 rad/s (45 % of rated) with the dynamic torque equal to the rated one
(13.6 Nm); 2) from a time t = 0.5 s to t=1.3 s a constant load torque equal to 75 % of the rated value is ap-

plied; 3) the motor deceler-
ates starting from 7 = 1.65 s.

The simulation and
experimental results of the
speed trajectory tracking
are shown in Fig. 6. As it
follows from the transients,
the simulation results match
excellently the experimen-
tal data.

During simulation
test DC-DC converter feeds
IPMSM drive which has
the identical operating con-
ditions as shown in Fig. 6.
The estimated load current

A

i, is computed from the

1
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Fig. 6

active power balance equation VdjL =(3/2)(u,i, +u,ji,). Input voltage is £ = 130 V; reference voltage is

V. =300 V.

Transients, shown in Fig. 7 with red dashed lines, demonstrate the dynamic behavior of the DC-DC
converter control system (4), (6), (10) with setting k, =410, k, =k’ /2, k, =1800 (p = 6.7) according to

worst-case tuning. Blue lines in Fig. 7 illustrate transients of the DC-DC converter control system (Fig. 5)
with additional disturbance compensation (17). During all test the significant improvement of voltage regula-

tion accuracy is observed.

DC-DC converter input current i (A)

Load (DC-link) current iL (A)

\

L 1 1 _3 1 1 1
0 0.2 0.4 0.6 ts 0 0.2 0.4 0.6, ts
Current regulation error 1 (A) s DC-link voltage regulation error Vdc V)
10t !
'l
5t I‘
a A
L\
0F—<— —] w“ LV —
S5t 1
1l
-10 I
L}
1 1 L _1 5 1 1 1
0 0.2 0.4 0.6 ts 0 0.2 0.4 0.6 ts
Fig. 7

Conclusions. This paper presents a novel control algorithm for of bidirectional DC-DC buck-boost
power converters used as power supply for heavy duty dynamic loads such as high-performance vector-
controlled IPMSM of electrical vehicles.
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1. We propose a control algorithm, based on partial feedback linearization and linear PI voltage and
current controllers, which forms the resulting system error dynamics of a special structure in the form of in-
terconnected two linear asymptotically stable subsystems in a nonlinear feedback loop. Taking into consid-
eration strong system nonlinearity and non-minimum phase nature, we use the linearized system analysis and
the theory of cascaded systems with time-scale separation of processes in the control loops. The importance
of such representation is that the resulting linearized system allows to define the load action not only as ex-
ternal disturbance but also assess its effect on the parameters of the closed-loop system. It is shown that in
contrast to linear systems, external perturbation may lead to system potential instability, when current ap-
proaches the power balance limit. Mechanism of instability clearly indicates that controller parameters cor-
rection as function of load current is required to ensure stable operation and improved transient performance.
We show that in case of heavy rapidly changing and bidirectional loads the effective way is ‘worst-case’ sys-
tem tuning taking into account, for example, maximum phase margin of the frequency characteristic under
different currents.

2. Based on designed cascaded structure, a disturbance rejection technique has been additionally ap-
plied to achieve remarkable improvement of voltage accuracy stabilization. As information for disturbance
compensation, a direct measurement of load current can be used or estimation on the base of measurable
variables as it is always possible in vector-controlled electrical drives. Since disturbance compensation is
intrinsically an open-loop technique, the two technologies do not contradict each other. Essentially, only re-
quirement is to limit rapid transients by adjusting the forming filter time constant. The reduction in voltage
regulation errors achievable with such combined control has overall positive results on relaxing of converter
nonlinearities effect.

The results of experiments and simulation study, including those based on experimental transients of
the IPMSM drive, confirm the effectiveness of the proposed control system design and controllers tuning in
terms of the dynamic performance and load capability of the converter. The studied electrical drive can be
used in aerial and ground vehicles, gimbal suspensions, and multi-degree-of-freedom unanimous robots.
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Appendix A. Rated parameters of the DC-DC converter: output capacitance C = 500 uF; inductance
and resistance of the input circuit L = 11 mH, R = 0.5 Ohm.

Appendix B. The model of the IPMSM in rotor reference frame (d — g) is the following:

0=0,

o=J" [1,5p,,((Ld —Lq)idiq+\|/miq)—vco—71],
id =L:,l(—Rlid +Lqpﬂ0)iq +u,),

iq = L;l(_Rliq _Ldpncoid _men(’)id +uq)5

(19)

where 0 is the rotor angular position; v, is the permanent magnets flux; 7} is the load torque; R, is the stator
windings active resistance; L, L, are the stator inductances; v is the viscous friction coefficient; J is the total
inertia; p, is the pole pair number.

The speed control algorithm has been designed for i, =0 . Controller guarantees asymptotic speed

tracking if reference @' is smooth and bounded with bounded first & and second & time derivatives.
Speed controller equations are given by:
K 1 Vv * .k a ~
17—E(70) +0 +7, —kmoo),
T, = —k, @,

(o1

(20)

where @ =m— " is the speed tracking error; T . 1s the estimate of the slowly varying load torque component

T,/J;u=15py./J; (k, =100, k, =k’ /2) are the proportional and integral gains of speed controller.
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Current controllers are defined as:
u, = Ri; + L,p,oi, +y,p,oi, + L (~ki +x, +i,),

q°q
i, =k, i, ) o
u, =Ri, - L poi +L, (—k,.did +xd),
xd _kiidid’

where (k, =k, =1000, k, =k, =k;/4)>0 are proportional and integral gains of current controllers;

i,=i,—1i,i, =i, —i, are the errors;

L=p"(J v +@ + T)—p 'k, [-(k, +J 'V)d+ i, +1.5J "' p,(L, — L,)i,i ] is the known component of the

time derivative of quadrature current reference.

Appendix C. Rated data of IPMSM NORD 100T2/4: power P,=3 kW; current i, = 5.4 A (RMS);
phase voltage U, =385 V (70 Hz supply); torque 7,=13.6 Nm; speed o, =220 rad/s; stator resistance
R;=1.7 Ohm; (d — q) inductances L, = 31 mH, L, = 56 mH; permanent magnets flux y,,= 0.615 Wb; viscous
friction coefficient v = 0.033 Nm(rad/s)'; inertia J = 0.0155 kgm®; pole pairs number p, = 2.
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VJIK 621.314.1

KOMBIHOBAHE KEPYBAHHSA IBOHAIIPABJIEHUMHM DC-DC IEPETBOPIOBAYAMMU
JJIA BACOKOAUMHAMIYHUX HABAHTAKEHb

C.M. Iepecana', noxt. Texn. Hayk, €.0. Hikonenko', 1okt. pinocod., C.E. JIsmescnkuii’, nmpodpecop

"HTY Yxpainn «KuiBcbkuii nosirexniunmii incruryt im. Iropst Cikopcbkoro»,

np. bepecreiicbkuii, 37, Kuis, 03056, Ykpaina, e-mail: sergei.peresada@gmail.com.
2 Pouectepcbknii Texnonoriunmii IncTuryT,

Pouectep, Holo-Hopk, CIIIA.

Pobomy npuceaueno pospodyi kackadHux cucmem Kepy8auHs HANPY2oi0 JAHKU NOCMITIHO20 CIMPYMY PeBepCUSHUX CUTO-
sux DC-DC nepemesoprogauie, sKi #CUGIAMb BUCOKOOUHAMIUHTI HABAHMAICEHHS, MAKI K 6eKMOPHO-KEPOBAHT CUHXDOHHI
enexmponpugoou. Hosimni pezynomamu no pospobyi memodis cunmesy i ananizy kepysawv DC-DC nepemesopiosauis,
SKI € CYMMEBO HENIHIIHUMU A HEMIHIMATLHO (pazosumu 06 ekmamu, 0anu 3Mo2y He MIbKU CUHME3Y8AmU CUCIEMU 3
NIOBUWEHUMU NOKAZHUKAMU SIKOCMI KepPYSaHHsl, ajle Ul 6CIMAHOGULU HeGI0OMI paniue e1acmusocmi, Wo 8axNcausi 0s ix
noo0anIbUI020 800CKOHANEHH: | onmumizayii. [lokasano, wo cmpym HA8AHMAadiCerH s OI€ He MINbKU 5K 306HIUHE 30YDeH-
HA, ane U 6NIUBAE HA NAPAMEMPU 3aAMKHEHOI cucmemu i maKkum YUHOM GU3HAYAE NOKAZHUKU SIKOCI Kepy8auHs ma it
cmitikicmos. 3a01a nociabaenus 6naugy eapiayiii napamempis, 00YMOGICHUX YUM ABUUEM, 3aNPONOHOBAHO GUKOPUCHIO-
8yeamu KOMOIHOBAHEe KePYBAHH, Ke MICIIUmMb: a) ONMUMI3AYII0 KACKAOHOI cucmemMu Ha ‘CUMempuyHull’ ONMUMym 3
HAIAWMYBAHHAM 8UX00AYU 3 ‘HAUSIPUIO20 BURAOKY , W0 3abe3neyye 3a0anull 3anac Cmitkocmi 8i0HOCHO MAKCUMATb-
HO20 3HAYEHHs] HABAHMAICEHHS, 0) KOMNeHcayilo 30YpeHHst Ha OCHOBI GUMIPIOSAHHS. AO0 OYIHIOBANHS CIPYMY HABAH-
maoicenHs. B moii uac sk nepuia mexHono2isi nOKpawjye pobacmuicms i0HOCHO 3HAYEHb CIPYMIB, dlle 3MEeHUYE OUHA-
MIUHY MOYHICmb, Opyea CHpuse niosuujento moynocmi cmabinizayii nanpyau. [{na DC-DC nepemeoprogauis, AKi scu-
81Mb BEKMOPHO-KEPOBAHT CUHXPOHHT 08uzyHU 3 nocmitinumu maeHimamu (IPMSM), pospaxynox nasanmasicents 30iu-
CHIOEMbCAL 3 pieHANHA Oanancy nomyoicnocmi cucmemu « DC-DC nepemeoprosau — enexkmponpugody. Komnosumnua ene-
KMpomexaniuua cucmema 3abe3neyye GUcoki nokasHuku skocmi nepexionux npoyecie DC-DC nepemeopiosaua pazom 3
po3uupeHuM 0ianazoHOM HABAHMAICEHHS, WO NIOMBEPONCYEMbCI PE3VILbMAMAMU eKCNePUMEHNIB, d MAKOIC MOOEI0-
BAHHSL HA OCHOGI eKCNePUMEHMANbHUX NPOYECi8 CUHXPOHHO20 elekmponpugody. bion. 13, puc. 7, Tabm. 1.

Knrouosi cnosa: DC-DC neperBoproBay, KOMOIHOBAaHHI alNTrOPUTM KEPYBaHHS, €IEKTPOIPHBO, PETYIATOP HAMPYTH,
CTIMKICTh, KOMITEHCAIiS CTPYMY HaBaHTaKCHHS.
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