An Improved Robust Adaptive Parameter Identifier
for DC-DC Converters Using H-infinity Design

Palak Jain*, Jason Poon', Li Jian?, Costas Spanos', Seth R. Sanders',
Jian-Xin Xu*, and Sanjib Kumar Panda*

*ECE Department, National University of Singapore
TDepartment of EECS, University of California, Berkeley
School of Automation Engineering, Northeast Electric Power University, China

Abstract—The paper presents the theoretical analysis, prac-
tical design considerations, and experimental verification of an
improved robust adaptive parameter identifier for dc-dc power
electronic converters. The proposed method improves the per-
formance of a conventional linear switched adaptive parameter
identifier by designing the observer gain using H.. performance
criteria. The design approach ensures the optimality of the
observer gain as well as provides a degree of robustness to
measurement noise and circuit non-idealities. We develop the
design methodology for the robust adaptive parameter identifier
and present experimental results that validate the achievable
improvement in real-time parameter identification. The results
indicate wide parameter tracking ranges (10% to 66% parameter
deviations) and sub-second convergence, exceeding the perfor-
mance of classically designed adaptive parameter identifiers.

I. INTRODUCTION

Adaptive parameter identification is widely used in many
power electronic applications, including for adaptive and pre-
dictive control systems, fault prognosis and diagnosis, and
condition and health monitoring. For instance, in [1]-[3],
various parameter identification techniques have been investi-
gated for control purposes in ac-dc converters. Similarly, real-
time parameter identification for control, fault prognosis and
condition monitoring of dc-dc converters are proposed in [4]—
[8].

However, classically designed adaptive parameter identifiers
can exhibit instabilities in the presence of measurement noise
or circuit non-idealities. Moreover, the design of estimation
and adaption gains are ad-hoc, leading designers to trade-
off between faster parameter convergence and algorithmic
stability. This results in sub-optimal performance and does not
provide guarantees of robustness or stability.

In this paper, we present an improved robust adaptive pa-
rameter identifier for dc-dc converters designed using an H .,
performance criteria based linear-switched state observer [9].
The proposed design methodology enables faster identifica-
tion of converter component parameters for a wide range
of deviations in the presence of measurement noise, circuit
non-idealities and system disturbances. Essentially, the H,
performance based observer gain improves the stability and
convergence speed of the conventional parameter identifier and
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enables a broader set of stable adaption gains in presence of
arbitrary exogenous disturbances.

In order to illustrate the performance of the proposed
parameter identifier, we experimentally validate the algorithm
with a dc-dc boost converter and track a set of parameter step
change deviations in the converter passive components.

The remainder of the paper is organized as follows. Sec-
tion II develops the mathematical model and design method-
ology for the proposed robust adaptive parameter identifier.
Section III presents a simulation study of the algorithm
under a range of operating conditions. Section IV presents
the experimental implementation and results that validate the
proposed parameter identifier in real time. Section V concludes
the paper.

II. DESIGN MEHODOLOGY FOR ROBUST ADAPTIVE
PARAMETER IDENTIFIER

Consider a linear switched state space model of a dc-dc
switching power converter given by:

X(t) = Aa(t)x(t) + B(,(t)u(t) + le(t) (D)
y(t) = Cx(t) + Haw(?) @

where x(¢) and y(t) are the states and outputs of the converter
respectively; u(t) is the converter inputs; o (t) is a continuous-
time switching signal that indicates the active switch config-
uration of the circuit; w(¢) models an arbitrary exogenous
disturbance; and H; and Hy are scaling matrices that weight
the disturbance w(t) appropriately for the state and output
dynamics. With this formulation, we can design a closed-loop
state observer as follows:

Z(t) = Ayz(t) + Bopyu(t) + L(y(t) —3(t) ()
y(t) = Ca(t) “4)

where z(t) and y(t) are respectively the estimated states and
outputs of the system. L is a user-defined gain matrix that
satisfies the criteria that the eigenvalues of A, ) — LC are
strictly negative for all o(t).

Our objective is to optimally minimize the error
e(t) =y(t) —y(t) in the presence of arbitrary exogenous
disturbances w(t). In order to do so, the proposed design of
L is generated using an H, robust performance criteria. In
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Fig. 1: Circuit topology for a dc-dc boost converter.

particular, the error dynamics e(t) are bounded as a function
of the disturbance w(t) as:

/OOO el (t)e(t)dt < ~* /OOO wl (t)yw(t)dt &)

where the structure of L is constrained by the following
bounded real lemma:

AL, P-C'F"+PA,, -FC H{P C7
HTP -1 HY | <0
c’ HI -1
(6)

where P =P7T >0 and v is the performance index. The
linear matrix inequality given in (6) is readily solveable using
MATLAB, from which we can obtain an optimal observer gain
matrix L = P™!'F that satisfies the H,, robust performance
criteria.

With an appropriately designed L, we can combine the
robust closed-loop state estimation given in (3) and (4) with a
gradient-type adaptive parameter identification scheme. Such
a combined robust state and parameter estimation scheme can
be designed as follows:

2(t) = A, 1yz(t) + Boyu(t) + Le(t) (7)
0(t) = GH” (t)e(t) 8)

where 6 contain the parameters of interest in A, ;) and B (),
G is the adaption gain for the gradient estimation, and the
dynamics of H(t) are governed by:

H(t) = (A, ) — LOH(t) + W, (2, u) ©9)

where W, (;)(z,u) is time varying matrix. Note that hat
symbol on Ag(t) and Eg(t) indicate that the estimator model
is being continually updated with the parameter values in
0. Further details on the gradient-type adaptive parameter
identification scheme are given in [6], [8].
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Fig. 2: Simulation results for a step change in capacitance C* between 10%
and 75% of the nominal capacitance. Inductance L* is unchanged.

III. SIMULATION STUDY

In this section, we present a simulation study of the pro-
posed parameter identifier for a dc-dc boost converter given in
Fig. 1. The complete mathematical model of robust adaptive
parameter identifier is given below:

s=si0 =[] o= (0] < [ ]

_E _s 1 9 o=
Ao’(t) = |: LIL 0L:| aBO'(t) = |:6 1:| 70(t) = g )
C

Z

¢ 0
1067.0 —126.1 L-e7 0
L—[147.9 876.7}’G_{ 0 5'67}’
W [Ris) - swe® w0
o(t) — 0 S11rL (t) - Z'load(ﬁ)

Table I shows the possible values for the switching signal
o(t), where s; = 0 indicates open switch SW;, and s = 1
indicates closed switch SWy, k € [1,2]. Simulation and
experimental parameters are shown in Table II.

TABLE I: Possible open/close switch positions for SWj,

ot) 1 2
S1 0 1
S92 1 0
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TABLE II: Simulation and experimental parameters.

Boost converter

L(t) [pu]

R 0.082 ©
L (nominal) 5.0 mH
C' (nominal) 2.85 mF
Nominal operating point

Vin (1) 100 V
ve(t) 380 V
load(t) (nominal) 25 A
Converter switching frequency 10 kHz

Parameter identifier
¥ 1.2

Estimation time step 500 ns

Controller time step 500 ns
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Fig. 3: Simulation results for a step change in inductance L* between 10%
and 75% of the nominal induxtance. Capacitance C'* is unchanged.

A. Change in single parameter

The tracking capability and convergence speed of the pro-
posed parameter identifier are demonstrated for step changes
in a single parameter. Note that C* and L* represent the ‘true’
value of the converter parameters.

Fig. 2 shows the tracking of the converter output capacitance
C* for step changes between 10% and 75% of the nominal
value, each injected at ¢t = 0.2 s. As shown, C(t) converges to
C* within 80 ms. The inductance estimate L(t) matches the
converter inductance L* during the capacitance step change.

Similarly, Fig. 3 shows the tracking of the converter input
inductance L* for step changes between 10% and 75% of
the nominal value, each injected at ¢ = 0.2 s. The time
to convergence for L(t) is within 50 ms. The capacitance
estimate C'(¢) matches the converter capacitance C* during
the inductance step change.

B. Change in multiple parameters

Fig. 4 shows the tracking capability and convergence speed
when step changes in multiple parameters are injected simulta-
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Fig. 4: Simulation results for simultaneous step changes in capacitance C*
and inductance L* between 10% and 75% of the nominal values.
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Fig. 5: Parameter estimation convergence times for various adaption gains.

neously. As shown, both C(t) and L(¢) converge to C* and L*
respectively. Note that time to convergence for each parameter
is independent of the other parameter condition.

C. Influence of the adaption gain

The influence of the adaption gain G = diag(ey, €2) on the
operation of the proposed parameter identifier is presented in
Fig. 5. As shown, a smaller adaption gain increases the time
to convergence for both parameters. For instance, when G =
diag(1-e4, 5-e4), the convergence speed is 18 s, while for G =

2924



diag(1 - €7,5 - €7), the convergence speed is less than 80 ms.
Thus, the convergence speed of each parameter is directly
related to its adaption gain. Moreover, the proposed parameter
identifier ensures parameter convergence for a wide range of
adaption gains in presence of multiple parameter deviations.

D. Influence of the input excitation

The influence of excitations in input u(¢) on the operation
of the proposed parameter identifier is presented in Figs. 6
and 7. In conventional parameter identification schemes, large
input excitations are often a cause of algorithmic instability. As
shown in the simulation results, the proposed robust parameter
identifier is largely robust to these variations.

Moreover, input excitations are one of the necessary con-
ditions to ensure sufficient persistency of excitation provided
in H(t) (see [8]). In such cases, both the magnitude and fre-
quency of these excitations affect the parameter convergence
speed. Again, Figs. 6 and 7 corroborate this behavior.

Fig. 6 shows the convergence for each parameter when the
ripple content Aiy;_pi in the load current 4044(t) varies. As
shown, the inductance estimate L(¢) converges to L* irrespec-
tive of the excitations. However, the capacitance estimate C'(¢)
converges when Ai,;,_p, # 0 and its convergence speed is
faster for higher ripple content.

Similarly, Fig. 7 shows the convergence for each parameter
estimate when the amount of ripple content Avp_, in the
input voltage v;,(t) varies. Here also, the inductance estimate
L(t) converges to L* irrespective of the excitations. However,
the capacitance C(t) converges when Avp,_p; # 0 and its
convergence speed is faster for higher ripple content.

This implies that the switching dynamics in the induc-
tor current iy (¢) contributes towards sufficient richness of
the excitation function H(¢) to enable convergence of the
inductance estimate. However, it does not ensure this for
capacitance estimate, which requires exogenous excitation in
u(t) to ensure convergence. Moreover, the proposed parameter
identifier ensures parameter convergence for a wide range
of input excitations in the presence of multiple parameter
deviations.

IV. EXPERIMENTAL IMPLEMENTATION AND RESULTS

The proposed parameter identifier is implemented on an
FPGA which enables low latency execution and high com-
putation speed. The programmed FPGA is experimentally
validated on a dc-dc boost converter. Further details on the
testbed are available in [6]. Experimental results are presented
in Fig. 8 and 9 for step changes in a single parameter.

A. Step changes in C

The nominal capacitance (C' = 2.85 mF) is decreased to
three different values by controlling solid state switches such
that parallel capacitors can be removed from the circuit. Fig. 8
shows the convergence of the capacitance C(t) estimate to
C™ in the experimental testbed. The inductance estimate L(t)
correctly matches L*. Table III shows the convergence time
for each step change.
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Fig. 6: Parameter estimation convergence times for various perturbation
magnitudes in the load current ;544 ().
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Fig. 7: Parameter estimation convergence times for various perturbation
magnitudes in the input voltage v;y, (¢).

B. Step changes in L

The nominal inductance (L. = 5 mH) is decreased to three
different values by controlling solid state switches such that
series inductors can be removed from the circuit. Fig. 9 shows
the convergence of the inductance estimate L(t) to L* in the
experimental testbed. The capacitance estimate C(t) correctly
matches C*. Table III shows the convergence time for each
step change.
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Fig. 8: Experimental results for a step change in capacitance C* between
10% and 66% of the nominal capacitance. Inductance L* is unchanged.
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Fig. 9: Experimental results for a step change in inductance L* between 10%
and 66% of the nominal inductance. Capacitance C* is unchanged.

V. CONCLUSIONS

This paper presents the design, analysis and experimental
verification of an improved robust adaptive parameter identi-
fier for dc-dc converter applications. The improvement over

TABLE III: Time to convergence for different values of parameter change.

Capacitance Step Change  Time to Convergence

—-10% 50 ms
—33% 52 ms
—66% 53 ms
Inductance Step Change Time to Convergence
—33% 80 ms
—50% 82 ms
—66% 100 ms

conventional adaptive parameter identifiers is a result of the
integration of a closed-loop linear switched state observer
designed using H, robust performance criteria. The proposed
parameter identifier is validated for a dc-dc boost converter in
real time. The simulation and experimental results demonstrate
faster convergence speed for a wide range of passive parameter
deviations in presence of arbitrary exogenous disturbances.
The applications for the proposed parameter identifier in-
clude: 1) condition and health monitoring of passive converter
components for incipient faults; 2) diagnosis and prognosis
of multiple faults (both soft and catastrophic failures) in real
time; 3) online automatic adjustment of the controllers during
parameter variations; and 4) estimation-based control policies.

REFERENCES

[1] M. Ghanes, M. Trabelsi, H. Abu-Rub, and L. Ben-Brahim, “Robust
adaptive observer-based model predictive control for multilevel flying
capacitors inverter,” IEEE Transactions on Industrial Electronics, vol. 63,
pp. 7876-7886, Dec 2016.

[2] H. Nademi, A. Das, and L. E. Norum, “Modular multilevel converter with
an adaptive observer of capacitor voltages,” IEEE Transactions on Power
Electronics, vol. 30, pp. 235-248, Jan 2015.

[3] S. Kwak, U. C. Moon, and J. C. Park, “Predictive-control-based direct
power control with an adaptive parameter identification technique for
improved AFE performance,” IEEE Transactions on Power Electronics,
vol. 29, pp. 6178-6187, Nov 2014.

[4] M. Ahmeid, M. Armstrong, S. Gadoue, M. Al-Greer, and P. Missailidis,
“Real-time parameter estimation of DC-DC converters using a self-
tuned kalman filter,” IEEE Transactions on Power Electronics, vol. 32,
pp. 5666-5674, July 2017.

[S] Z. Cen and P. Stewart, “Condition parameter estimation for photovoltaic
buck converters based on adaptive model observers,” IEEE Transactions
on Reliability, vol. 66, pp. 148—160, March 2017.

[6] J. Poon, P. Jain, C. Spanos, S. K. Panda, and S. R. Sanders, “Fault progno-
sis for power electronics systems using adaptive parameter identification,”
IEEE Transactions on Industry Applications, vol. PP, no. 99, pp. 1-1,
2017.

[71 L. A. Kamas and S. R. Sanders, ‘“Parameter and state estimation in
power electronic circuits,” IEEE Transactions on Circuits and Systems I:
Fundamental Theory and Applications, vol. 40, pp. 920-928, Dec 1993.

[8] J. Poon and S. R. Sanders, “Analysis and design of an adaptive parameter
estimator for power electronics circuits,” in 2017 IEEE 18th Workshop
on Control and Modeling for Power Electronics (COMPEL), June 2017.

[9] P. P. Khargonekar and M. A. Rotea, “Mixed H2/H infinity control: a
convex optimization approach,” IEEE Transactions on Automatic Control,
vol. 36, pp. 824-837, Jul 1991.

2926



	MAIN MENU
	Help
	Search
	Print
	Author Index
	Technical Papers


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.500 x 11.000 inches / 215.9 x 279.4 mm
     Shift: move up by 3.60 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20170330081459
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     3.6000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     5
     4
     5
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 3.60 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     322
     Fixed
     Up
     3.6000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     5
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move down by 1.80 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     320
     Fixed
     Down
     1.8000
     0.0000
            
                
         Both
         AllDoc
              

      
       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     5
     4
     5
      

   1
  

 HistoryList_V1
 qi2base



