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ABSTRACT Commonly used variants of the proportional-integral, PI, and the integral-proportional, IP,
compensator gains selections, merged with the ©-decomposition technique are presented in this paper. The
motivation to this work is the willingness to check whether such a combination can lead to unified and
perhaps simplified approach in this matter. Therefore, the ®-decomposition technique has been effectively
combined with the frequency- and the time-domain driven requirements regarding the control dynamics.
Criteria such as the gain- and phase-margins, (GM, PM), the sensitivity, Mg, the pole placements by means
of the (o, wq) and the (¢, wy), and the overshoot with the rise time (6, #;) are considered. It has been shown
that the control design effort can be reduced by the means of the ©-decomposition to intuitive judgments in
the proportional and integral gains coordinates (Kp, K1) with parametric curves. As such it can be thought
of as a promising scenario in a case considered. The analyses are presented and discussed in details. They
are conducted basing on example of output voltage closed loop control of the Dual Active Bridge, DAB,
converter. The circuit operates under the phase shift control scheme. The control-to-output transfer function
identification and the control circuit delays are included in the analyses. The case analysis have shown
that the time domain requirements are less effectively met with the PI regulator when compared to its IP
configuration. This is due to the commonly used simplifications during conversion between the (&, wy,)
and the (8, #) in presence of uncompensated zero of the closed loop transfer function. The paper contains
complete and intelligible approach to dedicated mathematical investigations verified experimentally.

INDEX TERMS Controller design, ©-decomposition technique, Dual Active Bridge converter, frequency
domain constraints, frequency response analysis, gain margin, phase margin, pole placement, sensitivity,
time domain constraints, transfer function identification.

NOMENCLATURE o - real part of the complex Laplace operator

A2D - Analog-to-Digital & - damping ratio

DAB - Dual Active Bridge converter ADy - (m — 1)—dimentional hyperplane where a real

PWM - Pulse Width Modulation zero of the characteristic equation

GM - Gain Margin is located at the origin of the s—plain

PM - Phase Margin ) - overshoot in general

1) - pulsation gdem - overshoot measured demand

wq - imaginary part of the complex Laplace operator, §sim.m - overshoot measured in simulation

- damped natural pulsation, gexpm - overshoot measured in experiment

wn - undamped natural pulsation 1IDAB - DAB assumed efficiency
CD{;&B’Om - DAB output side phase shift reference
TA2D - A2D driven time-delay

The associate editor coordinating the review of this manuscript and ) X
approving it for publication was Huiping Li. TPWM - PWM driven tlme—delay
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- DAB output side phase shift reference
perturbation

- DAB input side phase shift

- DAB output side phase shift

- real part of a complex number for desired Mg
- real part of a complex number for desired GM
- real part of a complex number for desired PM

- imaginary part of a complex number for
desired Mg

- imaginary part of a complex number
for desired GM

imaginary part of a complex number
for desired PM

- controller transfer function

- DAB input capacitance

- DAB output capacitance

- duty cycle, DAB input side

- duty cycle, DAB output side

- error

- switching frequency

- close-loop transfer function

- open-loop transfer function

- DAB input current

- DAB output current

- inductor current

- transformer input current

- plant gain

- PI regulator integral gain

-PI regulator proportional gain

- transformer turns ratio

- number of transformer input side turns
- number of transformer output side turns
- plant transfer function

- DAB control-to-output estimated transfer
function, from

experimentally measured points

- DAB rated power

- reference signal

- gate drive signal dead time

- plant time constant

- rise time

- rise time measured in experiment

- rise time measured in simulation

- control signal

- DAB input voltage

- DAB rated input voltage

- DAB output voltage

- DAB output voltage measured in
experiment as response to ¢¥pAB,out
variation during identification of the control
to output transfer function

- DAB output voltage measured

in experiment

- DAB output voltage calculated

in mathematical model

VgAﬁout - DAB output voltage measured
in general
ref
V]r)tlc}B’out - Biﬁ ;);lttelziuto l\llz)ltage reference
DABout - put voltage
V]S)lgljg’l - - DAB output voltage measured

in simulation
VL - voltage across the inductor

VTin - transformer input voltage

VTout - transformer output voltage

Y(s) - plant output

ZGM, ZPM - a complex number corresponding

to a certain GM and PM

I. INTRODUCTION

Nowadays power electronics circuits act as controlled inter-
faces between miscellaneous components or subsystems of
electric systems. Their overall control functionality can be
split into two sub-functionalities. One is related to the so
called state machine responsible for changing of the circuit
operation states depending on monitored circuit or its envi-
ronment conditions. Second sub-functionality is dedicated to
the closed loop control of designated quantities and it is a
subject to this paper.

The closed loop control mechanism are quite often driven
by a regulator which relies on proportional-integral, PI,
actions being a part of the proportional-integral-derivative,
PID, structure [1]. This type of regulator has proven its use-
fulness over number of decades - be it in the analogue or the
digital domain. Indisputably the regulator is the back bone of
the closed loop control and is responsible for the overall loop
stability at given circuit configuration. Therefore at this stage
there is extensive literature related to its structure selection
and gains tuning methods - be it in form of books [1]-[3] or
papers [4], [5]. Nevertheless, in this multiplicity of solutions
we can lose orientation. Especially when it is necessary to
concentrate on an application instead of gains selection meth-
ods. Quite often there is a moment of hesitation — which
method should I use, does my theoretical background allow
me to use it effectively, and so on. No simple answer exists to
such questions, although in this work the ®-decomposition
technique proposed in 1948 by Neimark [6] and Shafiei
and Shenton [7] is considered as a way out. The technique,
in opposite to the classical Routh- Hurwitz criterion [8], [9],
allows for direct inclusion of time delays into analysis of
control loops [10] which are always present in digital control
solutions.

To be precise, not only the ®-decomposition on its own
is considered but in combination with other commonly used
criteria. This is because the ®-decomposition in its original
form as a method relying on a frequency sweep test deter-
mines asymptotically stable region (or regions) only - this in
a space of selected parameters. Here the ®-decomposition
mechanism serves as a unification platform offering unam-
biguous output results format. The format is independent of
the input requirements type and it is the controller gains, say
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Kp and Kj in case of the PI structure. The considered in this
paper input requirements belong to the frequency domain
and the time domain. In the frequency domain they are the
gain- and the phase-margins, (GM, PM), and the sensitivity,
Ms. In terms of the time domain indirect requirements two
sets of parameters are considered. They are used for the pole
placements description. The first set consists of the real, o,
and the imaginary, wq, parts of the Laplace operator, (o, wg).
Similarly the second set is constructed with the damping ratio
& and the undamped natural frequency wy, (£, wp). As the
direct time domain requirements the overshoot § and the rise
time ¢, are considered, (8, f;).

As a sort of challenge related to this approach one may
think of symbolic equations processing, if such a form of
solution is needed. Nevertheless, for low order plants with a
PI compensator, it is easy manageable by mathematical soft-
ware such as e.g. Wolfram Mathematica or Matlab. In case
of higher order plants numerical solutions are more efficient.
Another threshold to overcome may be proper interpretation
of the graphical results. However, it is well explained in terms
of the global stability boundary indication according to [6].
It is important here to follow properly the direction of the
frequency change. The above mentioned complementary con-
straints designate only additional regions within the global
stability boundary. The designation relies on the same rules
as in case of the global stability.

There are existing works documenting some of the men-
tioned above combinations although they do not provide
consistent overall picture of the pros and cons related to such
schemes.

The earliest documentation found by the authors of this
paper on the GM and PM requirements combined with the
©-decomposition mechanism, although not referencing
directly to it, is from 1988 [11]. It was done in relation to
systems with adjustable parameters. There was no control
time delays taken into account and it was without experi-
mental validation. In [12] the authors provide extensive list
of references to the D-partition use (name interchangeably
used for the ®-decomposition) in the introduction. Later in
the paper the o and the & usage is described as criteria for
the PI compensator gains selection criteria by means of the
®-decomposition technique. The results demonstrate useful-
ness of such approach although have not been verified experi-
mentally. Another variant of use of the ®-decomposition was
reported in [13]. Here the Mg was used as a parameter guaran-
teeing control robustness in relation to a fractional-order PI*
PMSM speed controller. Effectiveness of such approach was
confirmed for fixed value of the ® parameter in simulation.
The ® stands for a vector rotation angle at its value when the
circle with radius of 1 /Mg is tangent to the Nyquist curve. The
Ms was also used in [14]. Here the PID regulator for a plant
with a delay was tuned and results were confirmed in sim-
ulation. Going further, in [15] the Hy, norm constraint type
was used in combination with the ®-decomposition for the
three-delay controller gains selection. In this case additional
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AD 4 singular boundary was used - this as an extension to
the A®g discussed later in this paper. Effectiveness of such
approach was confirmed in simulation. The ®-decomposition
was also used in the z-domain, [16]. Authors demonstrated
differences between the stability boundaries of the continuous
time solution, without control delays, and the discrete time
domain approach with inherited by the definition sampling
time delays. The presented analysis demonstrates also inter-
actions between selected control object parameters variations
and trajectories basing on boundaries calculated with the
time and the frequency domains requirements. The results are
verified experimentally with the IPMSM drive current control
by means of PI regulators. This publication could be consid-
ered as one demonstrating versatility of the ®-decomposition
method in the discrete time domain. Nevertheless, the anal-
ysis are based on purely numerical and graphical design.
There is no unambiguous path leading to the control design
tool development. This is somehow justified by complexity
of the plant transfer function. What may be disputable in
this article is a sentence saying that the D-partition method
is correct in the discrete time domain rather than in the
continuous time domain. It is truth only if the measure-
ments and the control delays are not taken into account
in the open loop transfer function in the continuous time
domain.

In this paper the analysis are conducted in the continuous
time domain with important delays taken into consideration.
As a concept verification object the Dual Active Bridge con-
verter, DAB, output voltage regulator has been selected. The
DAB topology, see Fig. 1, is quite common in the electric
power conversion solutions where the bidirectional power
flow is needed [17]. Its control-to-output transfer function
in form of mathematical symbolic equation is not straight
forward. The model strongly depends on the control scheme
applied [18]. Therefore for purpose of this investigation the
transfer function has been selected basing on analysis of
experimentally recorded output voltage step response. The
identification has been conducted in the circuit under the
phase shift control scheme [19].

Given the relative complexity of the analyses, the iden-
tified transfer function has been used firstly in two sep-
arate scenarios. The 1% scenario was for constraints in
the frequency-domain combined with the ®©-decomposition
mechanism and the 2" scenario was for the time-domain
constraints combined with the ®-decomposition. It allowed
to visualise their separated effects in the (Kp, K1) coordinates.
After such an introductory work the final analyses were
performed.

This paper is organized as following. The section II
contains the DAB converter details with the control-
to-output transfer function identified. In the section III the
®-decomposition technique is presented in a systematic way
and functions of the Kp and K7 gains are derived step by step
to build up sufficient understanding of the approach. Equiv-
alent Nyquist plots are included in this section too just

VOLUME 9, 2021



K. Najdek, R. Nalepa: Frequency- and Time-Domain Design of Dual Active Bridge Converter

IEEE Access

for better explanation. Then in the section IV mathematical
modelling and experimental results with the PI and the IP
regulators are presented and discussed. Finally conclusions
are given in section V.

Il. THE DUAL ACTIVE BRIDGE CONVERTER AS A
CONTROL OBJECT

A. GENERAL CIRCUIT INFORMATION

The output voltage of the Dual Active Bridge converter,
VDAB.out» Shown in Fig. 1 has been chosen to be controlled
by means of a PI compensator.

IDAB;in IpAB,out
=l 3 ]
£l s 2
ml S =
2| == 2
k= B 8
o—d o

FIGURE 1. General block diagram of the dual active bridge converter.

The DAB converter consists of: (i) two H-bridge inverters
with DC-sides capacitive filters, (ii) a medium frequency
transformer with turns ratio Ntin/Nt out, (iii) inductance L,
(iv) overall control section responsible for the feedback sig-
nals measurement and processing followed by the regulation,
(v) modulation and transistor gate drive section. The L in this
case is to be understood as a sum of an auxiliary inductance
and the transformer leakage inductance referred to the input
side. Such circuit is capable of bidirectional power flow by
means of proper control. In this paper, for simplicity reasons,
power is assumed to be transferred from the input to the
output side only.

The converter operates under control method called Phase
Shift Modulation, PSM, [20]. The PSM is based on variation
of the phase shift gpapour between the input and output
gate drive sections. This influences the voltage vi, and in
consequence the current if, across the inductance, see Fig. 2.
By such the power transfer is controlled too. The subscript
.DABout indicates that the output side signals are shifted in
reference to their input equivalents, pagin = 0, see Fig. 3.
The phase shift is set by a PI regulator. All the duty cycles of
the gate drive signals, Dpag,in and DpaB,out, are set to 50%.
A dead time Tyq; = 1us has been applied between the upper
and the lower gate drive signals in order to avoid the short cir-
cuits in between switching. Such a basic control scheme may
call for extension in order to compensate the dc-bias inductor
current, especially when low on-state resistance MOSFET
switches are used [21].

The test circuit used in this research relied on DAB archi-
tecture with IGBT switches driven by the PWM signals
at frequency f; = 16 kHz. The rated input and output
voltages were VgﬁB’in = 100 V and VSgB’Om = 50 V.
More details about the circuit parameters can be found
in Table 3.
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FIGURE 2. Visualization of voltage and current across the inductance L
under the Phase Shift Modulation, PSM, control. The records are from
investigated experimental setup at three different phase shifts,
¢DAB,out E{n/lz, 7[/4, 7[/2}.
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FIGURE 3. Simplified block diagram of the test setup configurations:
scenario No. I) - selector SL, in position 2 for the control-to-output

experimental transfer function identification, PSXP'ESt'CZO(s); scenario

B
No. 1) selector SL; in position 1 for tests of the aosed loop output
voltage control.

B. IDENTIFICATION OF THE CONTROL-TO-OUTPUT
TRANSFER FUNCTION
Detailed mathematical modelling of the DAB was not an
objective of this research therefore its control-to-output trans-
fer function, nggswzo(s), has been estimated from experi-
mentally measured step response of the output voltage. The
experiment was conducted according to scenario No. I from
Fig. 3. Measured voltage, shown in Fig. 4 as vg(}si; (’)ﬁo, was
recorded at output power point equal to 370W with ¢paB out
step change from 0.698rad to 0.820rad. Such a range was
equivalent to the output voltage change from 45V to 50V.
Basing on the response measured a transfer function (1)
has been obtained. The ng’; St’Czo(s) has been quantified
with Matlab/Simulink ’ident’ toolbox, using ’tfest’ function.
For purpose of the quantification, the first order model was
assumed - this basing on visual inspection of the physical

response character.

40.93

Pexp,est,cZo _ TS |
pas = G M

The (1) can easily b 1949.05
y be converted to the (=575 format

although for simplicity reasons is not used as such in this
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FIGURE 4. Voltage step responses of the estimated control-to-output DAB
transfer function, P;:';e“'czo(s) as per (1) and the experimentally

measured v;:';'m'czo in a prototype circuit with parameters as per Table 3.
The voltages are recorded for <I>|')e,_{B out Step command change equivalent
to the output voltage change from 45V to 50V. The test was performed

with control circuit configuration according to scenario No. I shown
in Fig. 3.

paper. In this work, we want to operate on the plant’s time
constant directly. The equivalent format will be used in our
future works leading to formulation of more generalised gains
selection rules.

- Fe e — — - e LTI
as) -3dB
= 20r
-g of  Jfo3as=1T7.5Hz
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E 20l DAB Rt
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FIGURE 5. The bode plot of the identified DAB control-to-output transfer

function (1), P;:';e“’czo(s), for the operating power point equal to the

converter rated power PS:B =400 W.

The Bode plots of (1) at the converter rated power, P‘S‘j\B,
can be seen in Fig. 5. The —3dB point is located at frequency
of 7.5Hz and its corresponding phase shift is equal to 45°. The
measured values at higher frequencies are strongly affected
by the measurement equipment bandwidth. Nevertheless the
medium frequency range is in good correlation with the
identified transfer function results. This together with com-
parison shown in Fig. 4 was considered as a sufficient
confirmation of (1).
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IIl. DESIGN OF OUTPUT VOLTAGE Pl CONTROLLER WITH
©-DECOMPOSITION TECHNIQUE

A. GENERAL INTRODUCTION TO THE NEIMARK's
©D-DECOMPOSITION TECHNIQUE IN PRESENCE

OF THE CIRCUIT TIME DELAYS

Neimark’s ®-decomposition technique (or D-partition tech-
nique) establishes direct correlation between the character-
istic equation and the space of permissible parameters for
which the stability is guaranteed [22]. In other words by
means of this technique one can reach such characteristic
equation roots locations on the s-plane that they guarantee
presence at the stability boundary.

In order to calculate boundary of the stable region it is
necessary to substitute s = jw in the characteristic equation,
where w = 2nf is a real number in range —00 < w < +00.
Such equation, or rather its real and imaginary parts, must
be equated to zero. Solution of these equations leads to
dependencies describing a parametric hypersurface which
precisely designates a boundary in a so called ® surface. The
parametric surface defined as D(/,r = n — [), with [ and
r standing for number of n™-order characteristic equation
roots in the left and right half-plane respectively, becomes
D(l = n,0)if r = 0. Such defined surface unambiguously
indicates stable region [22].

Having the stability boundary it is necessary to find out
now on which side the stable area is. This can be done using
the original Neimark’s guidelines [6]. For a single parameter
it says that: when drawing the boundary of the parametric
hypersurface (by changing frequency in direction from —oo
to +00) then the left-hand side of the boundary is the stable
region. It indicates the whole asymptotic stability region. For
two changing parameters (say proportional and integral gains
of a PI compensator), m = 2, an additional boundary is
needed. This can be achieved by introducing a A®q (m — 2)-
dimensional hyperplane [6]. The A®g hyperplane is related
to the characteristic equation having a real zero at the origin of
the s-plane (s = 0). Solving such relation leads to indication
of complementary criterion for the second parameter region.

In case if particular GM and PM are to be applied an
additional dedicated boundary must be derived in order to
narrow the asymptotic stability region. It can be realized with
guidelines given in [23]. To do so, it is necessary to equate
the characteristic equation to a complex number representing
desired GM and PM, this instead of equating it to zero.
In such case the formulated equation is called ““relative char-
acteristic equation”, RCE, [23].

R(s) E(s) U(s) Y(s)
C(s) e*STPWM P(s)

—st
A2D
e

FIGURE 6. Block diagram of closed loop control structure with the PWM
and A2D delays.

For figurative explanation an example with classical con-
trol structure with time delays as shown in Fig. 6 will be
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FIGURE 7. Visualisation of the global stability boundary (a) calculated using the ©-decomposition technique together with
corresponding to it Nyquist plots (b). They are based on a system with time delays shown in Fig. 6. For better understanding of
relations between the ©-decomposition and the Nyquist plots three different sets of gains ( Kp(«), Kj(w)) have been drawn. They are

related to three different pulsations, » € (@1, vy, 3)-

used. The closed-loop transfer function of the above control

structure can be written in the Laplace domain as:
C(s)e STPWM P(s)

1 + C(s)e—smwm+Ta2D) P(§)

Ger(s) = (2)
where: C(s) is the regulator transfer function; P(s) is the
controlled plant transfer function; R(s) is reference signal;
E(s) is the error; U(s) is control signal; Y(s) is the plant
output, Taop is the Analogue-to-Digital conversion delay,
pwM 1S the time delay related to discontinuous nature of
the Pulse Width Modulation, PWM. As a common practice,
the time constant tpwy is assumed to be somewhere between
0.5 to 1 times one over the switching frequency. In our case
pwM = 1 - 1/16kHz = 62.5us. The taoop = 1 - 1/32kHz =
31.25us as all the measurement and control calculation tasks
are executed within a half time of the switching period.

Now, we assume that the plant transfer function corre-
sponding to (1) is:

_ro __k

Ps) = U(s) sT,+1

3

where: K and Ty, are an identified transfer function parameters
- the steady state plant gain and the plant time constant respec-
tively. The proportional-integral, PI, compensator transfer
function can be written as:

Kj
C(s) =Kp + " 4)

where Kp is the proportional gain and Kj is the integral gain.

In such case the equation (2) can be rewritten as:
K(sKp + Kp)e™ SPWM

§2T, + s(KKpe™5% + 1) + KKje™?

GeL(s) = &)

where the denominator is the characteristic equation with
the -1 comprised inside and the T = Tpwys + T42D.
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The characteristic equation in general form, with s = jw
in the frequency domain, can be written as by means of the
open loop transfer function, Gor, with three arguments:

GoL(jw, Kp, K1) +1 =10 (6)

The above equation can be rewritten in the form used in the
Nyquist plot analysis as:

GoL(jw, Kp, K1) = —1 40 @)

where the —1 4O instead of —1 is written only to emphasize
that the imaginary part exists but is equal to zero. Remem-
bering that, the equation (7) can be written as following two
equations:

Re = [GoL(jw, Kp, K1)] = —1 (3
Jm = [GoL(jw, Kp, K1)] =0 )
Solving the (8) and (9) for the Kp and K] leads to equa-

tions describing the parametric hypersurface designating the
stability boundary on the ®© surface:

— cos ((tpwM + TA2D) @)

Kp (w) = K
| @Tosin ((rw;{m TTame) g
Ki(0) = o [w e ((thI\](M e
sin ((IPWMK—F TA2D) 60)1| (11)

Obtained functions for the Kp and K are dependent on
the circuit delays. Plot of (10) and (11) with frequency as a
parameter changing from —oo through 0 to +o00 can be seen
in Fig. 7(a). The stable region is on the left-hand side of the
boundary - this when moving with @ from +o0 to 0.

For the two parameters considered such boundary must
be complemented by one more limit. The additional limit is

71393



IEEE Access

K. Najdek, R. Nalepa: Frequency- and Time-Domain Design of Dual Active Bridge Converter

driven by the A®D( hyperplane. As mentioned before, it can
be designated by comparison of the characteristic equation to
0 at the origin of the s-plane (s = 0). Basing on (5) it can be
written:

ADy = KK; =0 (12)

The equations (10)..(12) are completely describing the
parametric hypersurface designating the stability boundary
on the ® surface.

The three example points in Fig. 7(a), at frequencies w3,
are located exactly on the stability boundary. This is con-
firmed by corresponding Nyquist characteristics shown in
Fig. 7(b). The three plots cross the (—1, jO) point what indi-
cates that the circuit is at the stability boundary. One should
notice that the spiral characteristics of different (Kp, K1) pairs
surround the point (0, jO) which in this case is driven by the
delays.

B. THE ©-DECOMPOSITION TECHNIQUE WITH THE GAIN
AND PHASE MARGINS AS THE FREQUENCY DOMAIN
CONSTRAINTS

Basic stability criteria in the frequency domain are the gain
margin, GM, and the phase margin, PM, [2]. They are intu-
itive and very often applied during control design to ensure
certain safety margins of the open-loop system which will
become a closed-loop one [24]-[26]. This makes them wor-
thy candidates for merge with the ®-decomposition tech-
nique. It can be done by replacing the point (—1,0) in
equation (7) with a certain location on the complex surface.

GoL(jw, Kp, K1) = a + jb (13)

where a + jb stands for desired location of an arbitrary point
in the Cartesian coordinates. For certain GM, expressed in
decibels, dB, it can be written:
—GM
agm = —10720
bgm =0 (14)

S ZGM
’II -1 ‘\‘ GM a
1 1
| |
\ 0 S
\ 1/M

Rt ¢ 4 Z M

Zpm

FIGURE 8. Visualization of the gain and phase margins, GM PM, and the
sensitivity, Ms concepts by means of the nyquist plot.

The expression (14) can be represented in a graphical form,
in polar coordinates, as shown in Fig. 8. Such location can be
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easily translated into the Nyquist plot as a complex number
Zgm = aoM + jbom. Similarly, the PM in degrees, °, can be
calculated according to:

7 PM
apm = cos( 360 +n>
bmzm«hM4 ) (15)
360

The expression (15) is equivalent to graphical represen-
tation in polar coordinates as shown in Fig. 8. It can also
be translated into the Nyquist plot by means of substitution
Zpy = @M +jbpm.

By substituting (14) into (13), the Kp and Kj gains of
the first order plant, with the time delays and GM, can be
calculated:

Kp (0, GM) = 10~ (%) [_ cos ((Tewm + Ta2D) @)

K
L@ T, sin ((TPV\[’(M + 7A2D) 60)] (16)
Ki (@, GM) — 10_(%)a) [sin ((TPWMK+ TA2D) @)
+a) T, cos ((TPVIV(M + TA2D) ®) ] (17

Similarly, by substituting (15) into (13), equations for Kp
and K7 with PM taken into account can be derived:

2w PM
—cos(Z 4 (1 T Taop )
Kp (0, PM) = (S0 (KPWM A2D)®)
@To sin( 2:55(?4 + (TpwM + TA2D)®)
K
(18)
T cos 2nPM + (T T »
K1 (w, PM) =w[ 0 cos(Z35 (tpwM + TA2D)®)
K
sin( 27;21)1/1 + (tpwM + TA2D)®)
" K (19)

Graphical representation of equations (16) and (17)
for a fixed GM and variable pulsation w can be seen
in Fig. 9(a). Corresponding Nyquist plots are shown
in Fig. 9(b). The same can be seen for equations (18) and (19)
in Fig. 9(c) and (d). Obviously if certain GM and PM require-
ments are to be fulfilled together then we must look for a cross
point of the two plots - if such a solution exists. The limit
driven by the A®g hyperplane is not affected by the GM and
PM requirements.

Equations (16)..(19) describing Kp and K7 as functions of
w and GM or PM may be considered as an extension of the
original ®-decomposition technique [27]. Of course they can
be used for the global stability boundary calculation when
the GM and PM are equal to zero. Presence of GM and PM
values greater than zero cause changes of the suitable gains
region as shown in Fig. 10 (b) and (d). The region shrinks as
the margins rise, while the A®¢ limit is not affected - this as
expected. That of course finds its reflection in the polar plain
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FIGURE 9. Visualisation of the gain margin, GM, the phase margin, PM, and the sensitivity Mg trajectories against the global stability
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representation as shown in Fig. 10 (a), GM = (0dB, +00),
and Fig. 10 (c), PM = (0°, 90°).

(@ (b)

x10*
GM, < GIM;

< GM;

GM,

y

AD x10*
PM,
&

\

PM,

x10*
Ms, < Ms, < Ms,

]
8 —

6

o

2

10°2- 10 1
Mg

t Ms,
05} /
o : ,////ﬁ\ﬂf Ms, 1
6

0 1 2 3

\ b
0
40
0.
0
a
—>

4 s
K ]

FIGURE 10. Visualization of Neimark’s ©-decomposition technique
mechanism applied to calculate (i.) stability boundaries and (ii.)
trajectories of desired frequency domain driven control margines, (b) for
GM, (d) for PM, (f) for Mg, for 15t —order plant with a P compensator and
delays according to Fig. 6. The (a), (c) and (e) are simplified Nyquist plot
equivalents. Additional plots of areas A are shown for better
understanding of the changes nature.

C. THE ©-DECOMPOSITION WITH THE SENSITIVITY AS A
CONSTRAINT IN THE FREQUENCY DOMAIN

Another common approach, or even complementary one,
to design of a closed loop control relies on a parameter called
sensitivity margin, Mg [28]. The Mg as a criterion accounted
to the frequency domain makes sure that there is a certain
robustness against the plant dynamics variation driven by its
parameters change. In terms of definitions used in the control
literature it can be accounted to the ®-stability [29]. In a
graphical way, as a general explanation, it can be shown as
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in Fig. 8. In terms of mathematical expression it can be written
as a complex number z, = awmg + jbmg. Therefore a point
in Nyquist plot can be calculated according to the real and
imaginary parts represented as following [30]:

1
amg = —1+ ATS cos(—0)

1
bvg = ]\75 sin(—0) (20)
where the 6 can be understood as an angular position of the
rotating A%s vector. Now, by substituting the (20) into (7) we
obtain another functions for the Kp and Ky:

—sin(—0)A; + cos(—0)(—A2) | A

Kp (0, Ms, 0) =
p(w, Mg, 0) s &
21
A — cos(=6)A in(—0)A
K1 (w, Mg, 0) = ﬂ_i_w( cos(—0)A1) 4+ w(sin(—6)Az)
K K Ms
(22)
where:

A1 = T cos(w(tpwMm + Ta2D)) + sin(w(tpwm + Ta2D))
Ay = Twsin(w(tpwMm + Ta2D)) — cos(w(tpwm + Ta2D))

Obtained functions lead to results shown in
Fig. 9 (e) and (f). Aforementioned drawings for different
values of the Mg while changing the pulsation w can be also
seen in Fig. 10 (e) and (f). For the sake of better qualitative
explanation three different Mg levels have been shown. The
Ms, stands for the zero value. It results in the same trajec-
tory as the stability boundary. Increase of its value leads to
decrease of the stable area. This is as intuitively expected
while looking at results for the GM and PM shown in in the
same figure. The area A has been also shown here for better
visualisation.

D. THE ©-DECOMPOSITION WITH THE POLE
PLACEMENTS AS THE TIME DOMAIN
CONSTRAINS
Another practical way of characterising the dynamic response
of a system under control is analysis of the pole placements
in the s-plane. The ®-decomposition technique can indirectly
utilize requirements driven by such. Obtained overall results
are equivalent to the I"-stability, [29], outcomes although they
are in the intuitive (Kp, K1) parametric plane.

The pole placements can be described in two ways. One of
them relies on substituting following expression for s (instead
of s = jw) in (7):

§ = —0 x joq (23)

where: o and wq is the real and the imaginary part of
Laplace operator respectively. The wq is the damped nat-
ural frequency. Such approach is reported in literature as
the o-stability [12], [31]. It has its direct foundation in the
Hurwitz-stability concept [29] and therefore it could be clas-
sified as a sub-criterion of the I'-stability.

VOLUME 9, 2021



K. Najdek, R. Nalepa: Frequency- and Time-Domain Design of Dual Active Bridge Converter

IEEE Access

(2) ()

x10*
—0y > —0:

—03|—09,

02 2000 4000
S| % -0

Ya

0 1 2 3 4 5 6 7 8

x10*

- ____Awd [ a<6<s

,
1
'O
XA
Q

© ()]
x10*
o A Dy , W1 < Wi <Wwag
a3
0.8
o, * <o
Wy, ? 0.2
* o 0 215000 10000 15000
> ~T wWa i
= | wag -
15 7
1
05
0
0 1 2 3 4 5 6 7 8
wg =0 Kp [
() (h)
<10*
A% Wny < Wyp <Wng
0.8
@3 - \ / 08
n2 7 04
. 02
/@y g
1 / 02 00 10000 15000
[ g = @i o,
T \ Ll i, o .3 £
' N 18 P4
\ N / Wn2
e Zal
Se ] 1
05
0
0 1 2 3 4 5 6 7 8
Kp 5

FIGURE 11. Visualization of Neimark’s ©-decomposition technique method applied to calculate (i.) stability boundaries and (ji.) trajectories of the
s-domain driven control margines for 15t—order plant with a PI compensator and delays according to Fig. 6. The (a), (c), (e) and (g) are the s-plane
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parametrised trajectories corresponding to substitution s = —¢ +jwq, with o and w4 parameters respectively. The (f) and (h) plots show

parametrised trajectories corresponding to substitution s = —£wn £jwony/ 1 — £2, with & and on parameters respectively. Surface areas A are shown

for better visualization.

Solving the (7), taking into account (23), leads to Kp and
K functions:

wq (1 +20T)cos [wqt]

K i — _,0T
p (0, wa) e’ ( oK
(0 +02T — a)dzT) sin [awqt]
) 24
wqaK
2 2
o+ w
Ki (o, wg) = e‘”u [waT cos(wgT)
wqeK
+(1 + o T) sin(wgT)] (25)

As before, the equations (24) and (25) indicate regions with
constraints in the s-domain but this time by means of o and
wq which precisely define complex poles. Basing on the two
equations plots shown in Fig. 11(b) and (d) can be drawn. The
Fig. 11(b) is for case when the o is a constant parameter as
shown in Fig. 11(a), while wq varies in range (0, +-00), with
direction indicated. In this case the calculated trajectories of
constant o parameter are also shaped by the A®g which is
dependent on the o parameter too:

ADog = Kp (0)
K —o(tpwm+Ta2D)(—1 + T
_ K e 1 T00) o5
o K
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One should notice that the (26) is not a function of the wgq
and affects the Kp function only.

On the other hand, when the wq is a constant parameter,
as depicted in Fig. 11(c), and o is changing in range of
(0, 4-00) the trajectories look like in Fig. 11(d). In this case
the global stability boundary is calculated when o = 0 and wq
varies in range (0, +00). Combination of trajectories shown
in Fig. 11(b) and (d) leads to selection of the gains ensuring
desired dynamic properties.

In terms of the second-order differential equations the
above considerations can be translated to even more intuitive
terms, namely the damping ratio, &£, and undamped natural
frequency, wy. This can be considered as a second way of
describing the pole placement. It can be achieved by rearrang-
ing the (23) as following:

s = —Ewy £ jony/1 — E2 (27)

where: 0 = £w, and wg = wyy/1 — £2. Using equation
(27) in ®-decomposition technique leads to results shown
in Fig. 11 (f) and (h). Formulas derived for the Kp and K
are too complex to be shown in the article. Nevertheless
desired locations of &, Fig. 11 (e), and wy,, Fig. 11 (g),
can be easily applied in a numeric manner with the param-
eters preprocessing according to the relations between the
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(27) and (23). The w, and & will also be used as a direct link
to the time domain constrains represented by the rise time #;
and the overshoot §. They may be roughly approximated to
wy and £ [32], [33]:

1.8

wn = — (28)
I

o
£ = log (155) (29)

log? (%) + 72

Once again, one should remember that the formulas
(27), (28) and (29) are for the second-order differential
equations.

IV. EXPERIMENTAL VALIDATION OF THE GAINS
SELECTION PROCEDURES BASING ON

A DAB CONVERTER CONTROL

Derived formulas based on the ©-decomposition technique
with constraints in the frequency and the time domains were
verified during selection of the DAB converter controller
gains. The gains were calculated taking into account time
delays as shown in Fig. 6. It is worth to emphasize, that the
transfer function (5) represents a second-order differential
equation with a zero. In such case the PI compensator is often
implemented as the IP structure [34], [35] shown in Fig. 15.
Therefore two validation scenarios have been investigated.

FIGURE 12. Laboratory setup.

The verifications took place in a mathematical model and
in an experimental laboratory setup shown in Fig. 12. The
mathematical model, with Taoop and tpwm delays, relied on
the identified transfer function (1) and compensators without
limited outputs. The main purpose of such a mathematical
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model was to show some undisturbed picture of control
situation in relation to the ®-decomposition technique com-
bined with tuning criterions considered. The experimental
tests were performed at the rated output power of the DAB
converter, Pg‘iB’om = 370W, with £10% voltage steps
around the rated output voltage, VS&B’Out = 50 V, and this
after initial voltage step command from 30V to 50V. Along
with evaluation of considered gains selection procedures
the mathematical model was validated too. This took place
basing on its comparison with corresponding experimental
results. In both cases the maximum sensitivity Ms level was
assumed to not exceed value of 1.4, Ms < 1.4. The limit is
within a typical range recommended in [30].

A. STANDARD PI COMPENSATOR CONFIGURATION
Initially the standard PI compensator gains have been selected
using the GM and PM criteria according to (16)..(19).
Desired margins ranges were set to GM = (45, 50)dB and
PM = (60, 80)°. Four sets of Kp and K; gains indicated by
intersection points of the desired trajectories can be seen in
Fig. 13 (a). The points are called further on in this article as
A, B, C and D. They are all below the maximum sensitivity
curve which is indicated as grey area in the plot. Their Mg
is slightly above one. The gains and other parameters values
are given in the Tab. 1. The table contains also demanded
(dem-superscript), calculated (c-superscript) and measured
(m-superscript) values of overshoot, §, and rise time, #;, com-
ing from mathematical model (mat-superscript) and exper-
iment (exp-superscript). The auxiliary values are obtained
from the indicated in the table equations and from output
voltage step responses shown in Fig. 14 (a).

Similarly the %™ and §9°™ parameters related to the w,
and & respectively were used as the time-domain criteria for
the PI compensator gains selection. They were specified as
following ranges: trdem = (18, 23)ms and §9™ = (0, 4.6)%.
The ranges are equivalent to w, = (100, 78.26)rad/s and
& = (0.7, 1) respectively accordingly to (28) and (29). The
values indicated another four sets of gains called here E, F,
G and H points. They are shown in Fig. 13 (b). All of them
are also below the maximum sensitivity curve and their Mg
are slightly above one too. Values of the gains are listed in the
Tab. 1 - this together with the other calculated and measured
values. The measured values are from the output voltage step
responses shown in Fig. 14 (b).

All plots from Fig. 14 indicate stable control loop
operation. They also show practically sufficient correla-
tion between mathematical model and experimental results,
although there are points where the results are somehow
different.

Comparing the rise times in Tab. 1 one can see that
mathematical model responses are generally faster. This is
as expected because there is no compensator output lim-
its and the identified transfer function does not take into
account all the subtle real world circuit effects. Especially
those influencing the high frequency dynamics. The biggest
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TABLE 1. Selected Kp and K gains of a Pl output voltage regulator of a DAB converter - this with use of Neimark’s ©-decomposition technique. Points
A-D are related to the frequency domain constrains, GM and PM, see (Fig. 13a) while points E-H come from the time domain constrains such as the rise
time f; and overshoot §, see Fig. 13 (b). The input requirements are in bold. The table also contains associated experimentally measured and calculated
parameters with annotations. Points with ‘sat’ subindex denote the controller output saturation during experimental tests.

Parameter [ Unit [ [ A(SAT) [ B(SAT) [ C [ D [ [ E [ F(SAT) [ G [ H
Kp [2d] 0.072 0.072 0.041 0.041 0.047 | 0.078 | 0.033 | 0.057
Ki [2d] 12.95 5.562 6.034 2.815 5.101 5.082 | 3270 | 3.261

GM [dB] 45 45 50 50 4889 | 4449 | 5189 | 47.19
PM [°] 60 80 60 80 68.8% | 83.8% | 69.69 | 85.69
Mg 1.0570 1.0064 1.0787 | 1.0047 || 1.0101 | 1.0055 | 1.0131 | 1.0049
— - 35399 50.12% | 57.80% | 57.22® 70 100 5478 | 77.83
wy [rad/s] || 103.90® | 101.51% | 95.70® | 57.97® 71.42 0 55.89 0
£(29) - 032 0.44* [ 052** | 0.70 ** 0.7 1.0 0.7 1.0
wn (28) [rad/s] || 109.76 * | 113.21* | 111.8* | 81.45* 100 100 7826 | 7826
§dem % - - - - 4.6 0 4.6 0
SmaLm % 21.9 52 155 32 102 32 83 13
5xP-m % 343 212 15.0 45 155 124 10.1 44
tdem [ms] - - - - 18 18 23 23
(marm [ms] 7.7 11.1 11.8 19.7 12.9 11.4 17.9 16.8
o [ms] 16.4 15.9 16.1 22.1 16.1 16.1 20.3 19.0

* Values calculated basing directly on ¢, 0, (28).
** Values calculated basing directly on §*P™, (29).
@ Values calculated indirectly from measurements of tg > and §**P™, according to o = £wy and wg = wny/1 — £2.
@ Values indicated by intersections of GM and P M trajectories projected in Fig. 13 (b) - not shown in this article for simplicity reason.
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FIGURE 13. Determination of the vppp oyt Pl controller Kp and K; gains basing on the experimentally identified transfer function Py, (s) expressed
by (1). Case (a) relies on the D-decomposition technique with constraints in the frequency domain GM<{45,50} dB, PM<{60,80} °, ana case (b) is for the
time domain constraints such as the overshoot § € {0, 4.6} % and the rise time ¢ € {18, 23} ms. The grey area indicates allowable sensitivity Mg region.

The dashed red line indicates the Pl compensator output saturation border - this basing on observations in the experiments only.

mat,m

difference between z‘re *PM and t is about 8.7ms for point Further observation in terms of the rise time can be made
exp,m

A which represents the highest control dynamics. The dif-
ference comes from early saturation of the regulator out-
put in the experiment during larger step commands, see the
dashed lines in Fig. 13. Gains for points B and F activated
the saturation too but not so aggressively because of their
significantly smaller integral gains. The best match between
tre P and i atm is for point D, 2.4ms absolute difference,
which represents the lowest control dynamics. The difference
in point D is close to the differences in points G and H, 2.4ms
and 2.2ms respectively.
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while looking at the 9™ and ¢ for the time domain -
points E to H. It can be seen that the absolute differences are in
range of 1.9..4ms. Somehow disappointing are the differences
between 9™ and 4™ which are in range of 5.1..6.2ms
but again the formulas (28) and (29), used as a "translation"
between the #, § and wy, & respectively, are only rough
approximations in case of the analysed closed-loop transfer
function (2). The 1.8 value in (28) comes as an averaging
compromise from second-order system step response with
& = 0.5, without zero, which is different from the considered
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FIGURE 14. Measured DAB converter output voltage in experiment, vEPM  and in mathematical model, v™%™  with a PI controller. The PI controller

gains, shown in Tab. 1, were selected using D-decomposition technique with constraints in: (a) the frequency domain; (b) the time domain. The results

have been recorded for the reference voltage profile, Vlr)i\fB out- at the output rated power, Pl')tgs out=370 W.
values of 0.7 and 1.0. This contributes to discrepancies not Comparing the overshoots §*P'™ and §M2-M in Tab. 1 with-

only between the trdem and the "™ but also 7y *™. Although out saturation one can see that there is somehow acceptable
such simplification is less noxious in case of the experimental match for points C and D where 0.5% and 1.3% absolute
results - they are closer to the expected values. difference appears respectively. The points E, G, H, fall in
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TABLE 2. Selected Kp and K gains of a IP output voltage regulator of a DAB converter - this with use of Neimark’s ©-decomposition technique. Points I-L
are related to the frequency domain constrains, GM and PM, see Fig. 17 (a) while points M-P come from the time domain constrains such as the rise time
tr and overshoot §, see Fig. 17 (b). The input requirements are in bold. The table also contains associated experimentally measured and calculated
parameters with annotations. Points with ‘sat’ subindex denote the controller output saturation during experimental tests.

Parameter [ Unit “ [saT) [ J [ K(sar) [ L “ M N [0) P
Kp [%} 0.128 0.129 0.072 0.072 0.062 0.171 0.042 0.130
K1 [rsfd} 30.73 11.85 12.89 5.562 7.182 18.90 4.409 11.67
GM [dB] 40 40 45 45 46.59 37.59 49.79 40.09
PM [°] 60 80 60 80 68.79 78.99 69.19 80.19
Mg 1.0432 1.0053 1.0559 1.0064 1.0086 | 1.0023 1.0115 1.0049
—0 - 25.64% 111.50% 37.55% 83.33® 83.13 194.46 65.10 152.19
wd [rad/s] 69.73% 66.11% 74.55% 49.41%® 84.81 0.0 66.40 0.0

£(29) - 0.35 ** 0.86 ** 0.45 ** 0.86 ** 0.70 1.00 0.70 1.00
wn (30) [rad/s] 74.30 * 129.62 * 83.78 * 96.88 * 118.8 194.46 92.94 152.19
§dem [%] - - - - 4.6 0.0 4.6 0.0

Smat,m % 12.1 0.0 10.2 0.1 4.6 0.0 4.7 0.0

§oxp,m % 31.5 0.5 20.7 0.5 7.1 0.6 5.3 0.0

t?em [ms] - - - - 18.0 18.0 23.0 23.0

grat.m ms 7.9 21.4 11.4 27.9 17.9 17.2 22.7 22.2

ty P ms 16.2 21.6 16.7 28.9 19.7 16.9 25.0 21.9
* Values calculated basing directly on t; 2™, (30).

** Values calculated basing directly on §<*P>™ (29).

@ Values calculated indirectly from measurements of t;>>™ and §°XP>™, according to o = &wn and wq = wn/1 — £2.
@ Values indicated by intersections of GM and P M trajectories projected in Fig. 17 (b) - not shown in this article for simplicity reason.

range of 1.8..5.3% of the difference and are less satisfactory.
Points A, B and F with saturation in experiment are within
9.2..16% the difference range.

By referencing now to the 4°™ one can see that mathemat-
ical model results (1.3..5.6% differences range) are generally
closer to the demanded values when compared to experimen-
tal 4.4..10.9% differences range. Despite of no saturation in
the mathematical model the results do not match satisfactory
the demands - this is mainly due to the closed loop transfer
function zero effect.

Nevertheless the estimated (by simple means of step
response analysis) 1%'—order plant transfer function is good
enough for general purpose PI compensator gains selec-
tion with the ®-decomposition technique. Both methods,
in the frequency and in the time domain, lead to sta-
ble overall closed-loop control performance with the Mg
slightly above 1. However benefits from additional calcula-
tions according to (28) (29) are not obvious when compared
to the GM and PM criteria. The measured rise times and
overshoots are not close enough to demanded values.

R(s)  E(s) 1 U(s)

- S -

Y(s)

FIGURE 15. The IP configuration of a PI compensator.

B. THE IP CONFIGURATION OF THE PI COMPENSATOR
The IP configuration shown in Fig. 15 has been tested. It is
known for its zero-compensating properties - this of course on
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FIGURE 16. Comparison of the step responses with the Pl and the IP
compensators configurations with settings according to points B and D in
Tab. 1, and points J and L in Tab. 2.

TABLE 3. Parameters of the DAB circuit.

Parameter Name [ Value
Input rated voltage, VSAdB in 100 VDC
Output rated voltage, V]SESB out 50 VvDC
Output rated power, PR, 370 W
Output voltage tolerance, VI3 _ - +10 %
Converter inductance, L 140 pH
DAB input capacitance, CDAB, in 4 mF
DAB output capacitance, CpaB,out 3.3 mF
Transformer turn ratio, n 2
Switching frequency, fs 16 kHz
DAB assumed efficiency, npaB 85 %
Gate drive dead time, Ty, 1 us

an expense of reduced response dynamics with gains identical
to the PI configuration.

Assuming sufficient compensation of the zero, more accu-
rate formula for the w, could be used instead of (28):

1 —0.4167¢ +2.917¢2
= :

Wn

(30)
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FIGURE 17. Determination of the vpag ot IP controller Kp and K; gains basing on the experimentally identified transfer function P,
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0 0.05 0.1 0.15 0.2 0.25
rad
Kp [5F]

exp,est,c2o
*p. (s) expressed

DI
by (1). Case (a) relies on the ©-decomposition technique with constraints in the frequency domain, GM {40, 45} dB, PM<{60, 80} °, and case (b) is for the
time domain constraints such as the overshoot § € {0, 4.6} % and the rise time ¢ € {18, 23} ms. The grey area indicates allowable sensitivity Mg region.
The dashed red line indicates the IP compensator output saturation border - this basing on observations in the experiments only.

The Kp and Ky gains were selected in the same manner
as in case of the standard PI configuration described in
section III-B - the equations (16)..(19) were used. Neverthe-
less the GM range as one of the two design constrains in
the frequency domain has been shifted down by 5dB. Instead
of GM = (45,50)dB, GM = (40, 45)dB has been used
- this with unchanged PM = (60, 80)°. Such change was
introduced to accelerate the voltage response in absence of
the zero effect. Comparison of step responses with the two
GM ranges can be seen in Fig. 16. Criterion of about zero
overshoot, ™M ~ ()%, at the smallest rise time, £™"™, was
used for the lower GM range selection. Obtained sets of gains
are named as points I, J, K and L, see Fig. 17 (a).

In the time domain trdem = (18,23)ms and §%m =
(0, 4.6) % led to four values of w, according to (30) - this with
the &£ = (0.7, 1) calculated with (29). They were designated
as points M, N, O and P shown in Fig. 17 (b).

All the obtained gains together with additionally calcu-
lated and measured values can be seen in Tab. 2. All of
them satisfy the sensitivity criterion with the Mg slightly
bigger than one. Complete set of the output voltage responses
in time can be seen in Fig. 18. Test conditions were the
same as for the standard PI configuration results shown
in Fig. 14.

All the plots from Fig. 18 indicate stable converter oper-
ation. The mathematical results, ™™ and §MM are in
closer accordance with the experimental results, #; > and
S%PM_ than in case of the PI. Exceptions are the points I
and K. In these two points saturation of the IP compen-
sator output took place during the 20V and 10V up-steps.
This contributed to 8.3ms, 19.4% and 5.3ms, 10.5% absolute
differences respectively. Remaining points (J,L, ..., P) are
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within absolute difference ranges of 0.2..2.3ms for the rise
times and 0..2.5% for overshoots. Here it is worth to notice
that the rise times, both #"**™ and 7;">™, of points L, M,
O, P are longer than their PI equivalents in points D, E, G,
H respectively. This is a side effect of the zero compensation
in this standard control structure.

The absolute differences between the demanded values,
trdem and §%M and the measured ones in points M, N, O,
P are in ranges: 0.1..0.8ms and 0..0.1% for the mathematical
model, 1.1.2ms and 0..2.5% for the experimental circuit.
Still existing differences between the gdem trdem and §matm,
M are driven by the fact that formulas (28) and (30) are
still only averaging solutions. Bigger differences in case of
sexpm =P are driven by high frequency compromises in
the identified control-to-output transfer function (1).

In terms of general summary about the IP configuration
one can say that there is considerable correlation between
the time domain demanded values and their measured equiv-
alents. It is true for the mathematical model and for the
experiment. Absolute differences in results of the experi-
mental IP and the corresponding PI are within following
ranges: 1.1..2ms vs. 1.9..4ms for the rise times, 0..2.5% vs.
4.4..10.9% for the overshoots. In case of the mathemati-
cal IP vs. PI the absolute difference ranges are: 0.1..0.8ms
vs. 5.2..6.2ms for the rise times, 0..0.1% vs. 1.3..5.6% for
the overshoots. It is worth to notice that there is a good
match between the mathematical model and experimen-
tal results. This from one side confirms the mathematical
apparatus used and form the other side helps to under-
stand subtle compromises made at the time domain criterion
facilitation stage. All that in relation to an identified transfer
function.

VOLUME 9, 2021



K. Najdek, R. Nalepa: Frequency- and Time-Domain Design of Dual Active Bridge Converter IEEEACCGSS

(a)
60
55
=
= 50
£
=
=0
g ‘g 45
2 40
1 48 exp,m sim,m
40 wy UDAB,out UDAB,cmL a
35 ! 47 -1 H
1 4
§o 46 — -=J1]
— - = K]
30 45 : : : : — - =L
| 0 0.02 0.04‘1 0.06 0.08 | 01 12 1.22| 1.24 1.26 | 1.28 1.3 ‘ 7
(o) S — | I | | I | I | | | I |
0 0.2 0.4 0.6 0.8 1 1.2
t[s]
(b)
60 T T T T
55
=
£ 50 ‘
=] é I
g - !
7A !
Z l
¢ 45 L
Ee l
€a 1 51y
- I
F | 70 50 : .
9 40 } 7, -
S } 45 i/l 1 49 1
I y/ 1
: 40 ¥/ !/ | 48 exp,m sim,m B
1 : : rUDAB,QuL vDAB,out B
35 | ’ 47 —— M
i 35 1 4
} 46 — - = N i
w —_— -=0
! 30 45 . i : i - —— 7
| 0 0.02 0.04 0.06 0.08 01 12 1.22 1.24 1.26 128 1.3 7
o b a4 | | | I | | | I | I | | | | f I | [ |
0 0.2 0.4 0.6 0.8 1 1.2
t[s]

exp,m mat,m

FIGURE 18. Measured DAB converter output voltage in experiment, v o .. and in mathematical model, vy’ . with IP controller configuration shown

in Fig. 15. The IP controller gains, shown in Tab. 2, were selected using ©-decomposition technique with constraints in: (a) the frequency domain; (b) the

time domain. The results have been recorded for the reference voltage profile, V[r)(/!\fB outr at the output rated power, PB‘I“'B out = 370 W.

V. CONCLUSION presented in this paper. The content relies on systematic
Practical variants of the PI- and IP-type compensator gains and intelligible approach to mathematical analysis verified
selection by means of the ®-decomposition technique are experimentally. All is based on a closed loop DAB converter
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output voltage regulation example. The circuit operates under
the phase shift control scheme. Practical aspects of the control
design such as the control-to-output transfer function identi-
fication and the control delays are sufficiently addressed too.

Commonly used the frequency- and the time-domain
driven requirements regarding the control dynamics have
been combined with the ®-decomposition technique. This
has contributed to creation of a consistent picture of possible
paths leading to fulfillment of the control requirements.

The investigated paths, as a matter of a designer preference,
lead through: (i.) the GM, PM and the Mg specification in the
frequency domain, (ii.) the time domain indirectly by the pole
placements with the (o, wq) or (€, wy) specification, (iii.) the
time domain directly by approximate relations between the
(&, wy) and the (o, ;). These somewhat advanced techniques
have been reduced by the means of the ©-decomposition
to rather simple design tasks relying on judgments in the
intuitive (Kp, K1) gains coordinates with relevant parametric
curves added.

Conducted analyses have revealed that for the given control
case the direct time domain requirements are less effectively
met with the PI regulator when compared to its IP configu-
ration. This is due to compromises related to the transitions
between the (&, wy) and the (o, %) in presence of the closed
loop transfer function uncompensated zero. Therefore the
IP configuration is recommended for cases when the time
domain direct requirements are used. Here one should be
aware of reduced dynamic performance. This is a price paid
for the zero effect reduction with this basic control scheme.

In the era of numerical computing the ®-decomposition
technique, originally used for the stability boundary indi-
cation only, combined with additional control criteria can
constitute for very effective and at the same intuitive means of
control design with the PI-type regulators. The mathematical
apparatus can also be extended to the PID controllers by
introducing an additional parameter.
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